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ABSTRACT 
Eight ataxites and one mesosiderite were examined by SEM, 
TEM, and AEM.  The eight ataxites examined were the meteorites 
Arltunga, Cuffey, Nordheim, Cape of Good Hope, Hoba, Chinga, 
Tawallah Valley, and Weaver Mts.  The mesosiderite examined 
was the Estherville meteorite.  SEM examination of the ataxites 
showed that they could be grouped according to the plessite 
structure they contained.  Arltunga, Nordheim, and Guffay have 
plessite that resulted from the Widmanstatten transformation 
y -*■  a+y.  Cape of Good Hope, Hoba, Chinga, Tawallah Valley, 
and Weaver Mts. have plessite that formed by the reaction Y -* 02 - 
a+y, where 03 (martensite) decomposes to a+y. AEM examination 
of Arltunga and Nordheim showed that the taenite in each of these 
meteorites contain an "M" shaped composition profile indicating 
that these meteorites had cooled very fast.  The center of the 
taenite contained<_25% Ni and was martensite.  The interface y 
compositions varied from ^30 - ^45% Ni. Tawallah Valley and Hoba 
have plessite which had cooled much slower than Arltunga and 
Nordheim.  Tawallah Valley and Hoba have taenite with interface 
compositions >50% Ni.  No cloudy zone or ordered taenite was 
found in the eight ataxites.  SEM examination of the Estherville 
section showed that it contained clear taenite and a cloudy zone. 
Polarized light examination revealed that ordered taenite was 
present within the clear taenite.  TEM examination of the cloudy 
zone showed that it consisted of ordered taenite and martensite. 
AEM examination of the cloudy none showed the composition of 
the ordered taenite to be ^48X Ni and the composition of the 
martensite to be ^232 Ni.  The clear taenite adjacent to the cloudy 
zone was also ordered and had a composition of ^48% Ni.  The 
discovery of ordered y  and martensite within the cloudy zone 
has led to an explanation of cloudy zone formation.  The cloudy 
zone appears to form as the taenite with a composition gradient, is 
slow cooled through the recently discovered order-disorder reaction 
at 50?; Ni and ^320°C. 
INTRODUCTION 
The study of the metallic phases in meteorites has been an 
important branch of the science of tneteoritics since the days of 
Widmanstatten.  Although different classes of meteorites have 
considerably different overall structures, the metallic phases 
(kamacite, taenite, and martensite) are often found together in a 
mixture called plessite whose morphology strongly depends on the 
cooling rate of the meteorite.    Thus, composition and structure 
studies of the phases in the plessite can lead to information 
on the thermal history of meteorites. 
Recent advances in Analytical Electron Microscopy (AEM) have 
made it possible to examine the composition and structure of 
(2 3) fine plessite in iron meteorites.  '   The purpose of this 
investigation is to use the AliM to study the plessite structure 
in meteorites from the iron and stony iron classes of meteorites. 
The subgroups chosen from each class were the ataxites from 
the iron group and the mesosiderites from the stony irons. 
Ataxites have been ignored in the study of irons due to 
(A) 
their very fine plessite structure.    Because the submicron 
phases which make up the plessite are too fine for examination 
by the electron microprobe, there is a lack of composition data 
for this group.  The AE.M makes it possible to obtain chemical 
analyses of these phases.  Such information could lead to the 
establishment of cooling rates and an understanding of how the 
nietallographic structure developed in these meteorites. 
Unlike the iron class, the stony irons contain non-metallic 
(4) 
as well as metallic minerals in their bulk structure.    The 
mesosiderite Estherville contains plessite which is coarser than 
the plessite found in ataxites.  The existence of the coarse 
structure led to early studies of Estherville by Electron Micro- 
probe and TEM.     In a recent TEM-AEM investigation of Esther- 
ville an ordered Fe-Ni phase was identified in the taenite. 
This discovery has led to a renewed interest in the phases in 
the plessite structure of Estherville.  The formation of the 
cloudy zone, a honeycombe mixture of kamacite and taenite, in 
Estherville and other meteorites has defied explanation, and it 
is hoped that an investigation by AEM can shed some light on 
its origin. 
BACKGROUND 
Classification of Meteorites 
All meteorites which have been recovered have been classified 
two ways:  by physical structure and by chemical composition.  A 
meteorite belongs to one of four structural classes:  chondrite, 
(4) 
achondrite, stony iron, or iron.     The chondrites are a class 
of meteorites which contain small (^1 mm) silicate spherules 
which are called chondrules (hence the name chondrites).  Nickel- 
iron is also present either as a metal phase or in minerals such 
as troilite.  The amount of Fe in the chondrites makes up from 
19-35 wt% of the meteorite.  The other minerals which are also 
present are often used to subdivide the chondrite into six sub 
classes. 
Achondrites are a class of meteorites which, as the name 
implies, show a lack of chondrules.  In addition, the total Fe 
content of the meteorites is much less, ^14% Fe, as compared 
with the 19-35% of the chondrites.  The achondrites appear very 
similar to terrestrial rocks and because of this very few have 
been recovered. 
Stony irons are a class of meteorites which contain approxi- 
mately 502 nickel-iron and 50% other minerals.  There are two 
subdivisions within this class.  One subdivision contains the 
pallasites which are meteorites that contain large olivine crystals 
embedded in an approximately equal volume of nickel-iron. 
The other subdivision consists of the mesosiderites which have 
structures consisting of nickel-iron blebs (some containing 
Widmanstatten patterns) surrounded by silicates. 
The irons are a class of meteorites which are almost entirely 
nickel-iron with other minerals appearing as inclusions.  The 
irons can also be subdivided into four classes on the basis 
(4 7) 
of structure.  '    The four classes are the hexadrites (abbre- 
viated as (I!)), octahedrites (0), ataxites (D) , and anomalous 
(Anom.) irons.   The main criterion for dividing.the irons into 
the four classes is the size and shape of the low nickel kamacite 
phase as it appears to the unaided eye after etching.  The hexa- 
hedrites are almost entirely kamacite.  The octahedrites have 
octahedral orientations of kamacite lamellae within a tacnite 
matrix.  The ataxites have such a fine mixture of kamacite and 
taenite that no individual kamacite platelets can be seen by the 
unaided eye.  Anomalous irons contain any meteorite which cannot be 
grouped into any of the other three classes. 
In addition to structure classifications, the iron meteorites 
(4) 
can be grouped according to chemical compositions.    A chemical 
classification scheme has been devised where plots of Ga, Ge, and 
Ir vs. Ni contents of all iron meteorites results in clustering 
of the meteorites into 11 groups.  This is shown in Figure 1 and 
Figure 2 for Ga and Ge, respectively. 
A comparison of the chemical and structural classification 
methods is shown in Table 1.  As can be seen from the table, 
several of the structural classes envelop more than one chemical 
group.  A more detailed review of the classification methods is 
outside the scope of this investigation.  The reader can find 
more information in references 4, 7, and 8. 
Metallic Phases in Meteorites 
As important as the metallic phases are in the classification 
of iron meteorites, the phases themselves deserve to be examined 
in detail.  Two stable phases and one metastable phase occur during 
slow cooling of iron meteorites.  The two stable phases are the 
low nickel bec phase kamacite (a, ferrite) and the high nickel 
fee phase taenite (y, austenite).  These two phases are the same 
as those found in Fe-Ni alloys.  The composition ranges for these 
phases can be found from the Fe-Ni phase diagram in Figure 3 
(9) 
(from Romig   ).  Because of the slow cooling of the meteorites, 
compositions of the phase present might be at or very close to 
equilibrium compositions.  These compositions could then be 
related back to the phase diagram to determine the final tempera- 
ture of the cooling process. 
The metastable martensite phase (c^) is bec and forms from 
the taenite by a diffusionless transformation.  The martensite 
start and austenite start temperatures for various compositions 
is shown in Figure 4.      The presence of martensite in the 
meteorite structure raises questions about the cooling rates of 
the meteorites.  Massalski, et al.     postulated that in the 
meteor's journey through space very low temperatures may have been 
experienced causing martensite to form.  Subsequent reheating 
above the austenite start temperature could result in whole or 
partial decomposition of the martensite. 
However  the martensite forms, it is accepted that slow cooling 
results in the structure of most meteorites.  When an iron meteorite 
cools slowly, the kamacite phase precipitates out of the taenite 
forming the familiar Widmanstatten pattern.  Further cooling 
causes growth of the kamacite at the expense of the taenite. 
(4) Buchwald   gives the orientation relationship between the a and 
y  phases as 
{111} // ' {110} 
a 
[110] // [iii]a 
with the a lamellae running parallel to the octahedral planes 
of the taenite. 
At sufficiently low temperatures diffusion slows down in 
the taenite and an "M" shaped composition profile in the 
taenite results.     This Is shown in Figure 5.  Eventually, 
the middle of the original taenite is so far away from the equili- 
brium values for the low temperature that it undergoes separate 
localized decompositions, with the taenite transforming to 
plessite, a mixture of taenite and kamacite. 
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In addition to plessite formation, some areas of the taenite 
may form martensite instead of plessite.  The martensite in turn 
can decompose to a+Y.  Thus two different transformation paths 
can be followed by the taenite during its transformation to 
plessite: y -*  a+Y or y -*  <*2 "* a+Y-  These two paths are shown 
in the schematic composition profiles found in Figure 6. 
The schematic composition profiles also show that the earlier 
the breakdown of the original taenite in the cooling sequence, 
the larger the sizes of the taenite and kamacite precipitates 
due to growth.  So one would expect larger precipitates from 
the y "*■ a+Y reaction than the y -*■  02 '* a+Y reaction. 
The interface composition values of the a  and y  phases are 
the equilibrium composition values of the phases at that tempera- 
ture.  The fact that the interface between two phases is at 
equilibrium during diffusion controlled growth was postulated 
(12) (13) by Darken  **  and Kirkaldy    in analyzing problems dealing 
with phase changes which occurred during growth.  Recently, 
(9) 
Romig   used this method to obtain the low temperature phase 
diagrams for Fe-Ni and Fe-Ni(P) by STEM X-ray raicroanalysis. 
Thus it is possible to use the compositions of the phases present 
in plessite to get an idea of how far the cooling process has 
proceeded in the meteorite. 
As originally described by Massalskl, et al.    the 
plessite that forms can be grouped into three types on the basis 
of the transformation path that they follow.  This is shown in 
the following table. 
Plessite Types 
Type Description 
I y ■*■  a+Y 
II Martensite (Y -* a2) 
III Decomposed Martensite (a2~*a+Y) 
The different types of plessite transformation paths are 
related to the Ni contents along the "M" shaped profile in the 
original taenite.  Massalski, et al.     proposed that the taenite 
at the center of the "M" profile, which possessed the lowest Ni 
content, would transform first via the reaction path Y •* a+Y.  They 
called this type I plessite.  They proposed that the microstructure 
of this phase would consist of a particles in a Y matrix.  Since 
this was the first of the taenite to transform to plessite, the 
a and Y phases withiri this plessite region would have a chance to 
grow larger than in other plessite regions that had transformed 
at a later time.  The original taenite with higher Ni contents 
could transform to martensite which Massalski, et al.    called 
type II plessite.  This martensite in turn could transform to 
plessite.  Massalski, et al. called this type III plessite. 
Because the reaction path Y "* a2 "* a+"K was similar to a eutectoid 
reaction they proposed that the microstructure would have equal 
10 
amounts of a  and y  precipitates.  Massalski, et al. then showed 
where these different plessite regions fell on an "M" shaped 
composition profile.  This is shown in Figure 6. 
(2) 
Lin, et al.    in their investigation of the Carlton 
meteorite obtained a microprobe trace from the plessite between 
two kamacite plates.  From this they established where types 
I, II, and III plessite would be found.  Lin, et al. then 
examined these areas by AEM.  Their data showed that the regions 
which were called types I or III plessite had microstructures 
consisting of y  rods in an a  matrix.  Lin et al. proposed 
that both of these regions had plessite which had formed by 
martensite decomposition.  In addition, they proposed that 
Massalski's use of the eutectoid analogy was probably incorrect. 
The similar bcc crystal structures of the a and c»2 phases probably 
led to the y  rods forming by a Widmanstatten type transfor- 
mation.  Because of the similarity of all the plessite structures, 
Lin et al. concluded that in the Carlton meteorite the plessite 
had transformed by martensite decomposition. 
The previous discussion of the plessite structure dealt 
with plessite that decomposed from taenite with compositions in 
the middle of the "M" shaped composition profile.  This corresponds 
to Ni contents less than 30£ Ni.  In many iron meteorites the 
taenite that contains 30-40Z Ni exhibits a dark color upon 
etching.  An example of this is shown in Figure 7.  Tills area has 
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been labeled the cloudy zone and is seen to be bordered on two 
sides by taenite which did not etch.  The taenite which is 
adjacent to the Widmanstatten kamacite has Ni contents  40% Ni, 
while the taenite adjacent to the plessite has between 25 and 30 
wt% Ni.  The cloudy zone was first investigated by Scott    in 
the Estherville meteorite.  His electron microscope investigation 
revealed the structure of the cloudy zone to be a two phase 
honeycombe mixture of kamacite and taenite.  The cloudy zone 
is therefore a form of plessite.  Scott also showed that the 
honeycombe structure consisted of two interpenetrating single 
(2) 
crystals of a and y.     Lin,  et al.   confirmed Scott's findings 
in the Carlton meteorite and labeled the cloudy zone Type IV 
plessite.  An example of the cloudy zone structure in the Carlton 
meteorite is shown in Figure 8 (TEN plate). 
Although the cloudy zone has been identified as a variety 
of plessite, no agreement has been reached as to its origin. 
Scott   ruled out martensite decomposition as the Ni content 
(30-40% Ni) of the cloudy zone was too high to form martensite. 
(14) Jago     proposed that the cloudy zone formed when the taenite 
decomposed  spinodally into a duplex taenite structure.  One of 
the two variants of the taenite subsequently forms kamacite. 
Thus, Jago's proposed reaction path is y -*  Yi+72 "*" Yi+a-  To date 
his theory has not been confirmed. 
A lack of cloudy zone in a meteorite is an indication of 
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reheating. '   Williams    reported that the cloudy zone disappeared 
when it was heated at 500 C for 10 minutes.  Scott   reported that 
only a few seconds at 800 C were required to remove the cloudy zone. 
In addition to the cloudy zone, another transformation has 
been found to occur in taenite.  In taenite containing 48-52% Ni 
an ordering reaction has been found where the fee y  phase trans- 
forms to the tetragonal LI  ordered FeNi structure. ' 
The taenite was first discovered to be ordered by Petersen, 
et al.     in 1977 during Mossbauer studies of taenite lamellae 
(18} 
from the Cape York meteorite.  Albertsen, et al.     used 
Mossbauer to find the ordered structure in taenite from the 
Toluca meteorite.  A further confirmation of its presence in 
(19) 
meteorites was found by Danon, et al.'s    examination of Santa 
Catherina by Mossbauer.  This type of ordering had previously 
(20 21) 
only been found in irradiated Fe-Ni alloys.  *    Subsequent 
(22) 
studies by Scott and Clarke    showed that the presence of 
ordered taenite in meteorites could be detected by examining 
polished sections under polarized light.  Under polarized light, 
patches of contrast appear within the taenite if ordering is 
present.  Mehta, et al.    confirmed that these patches were 
indeed ordered by examining a taenite section in the TEM. 
The tetragonal LI  structure for the ordered FeNi taenite 
o 
-9 is a structure that is only slightly tetragonal ((c-a)/a <5xl0  ) 
and is commonly referred to as the CuAu structure.  The composition 
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for the ordered phase is 50 atomic 7,  Ni.  The allowed superlattice 
reflections from the ordered structure were calculated from 
(23) 
structure factor calculations    and can be found in Appendix A. 
/ *} / \ 
Scott and Clarke    have named the ordered tacnite "tetrataenite" 
and have had it classified as a new mineral. 
Whether the entire taenite structure is ordered or contains 
regions of disorder is still subject to debate.  Mehta, et al. 
reported Anti-Phase Boundaries (APBs) and regions of disorder 
in their TEN study of ordered taenite.  Danon    reported finding 
ordered and disordered taenite by Mossbauer spectroscopy with both 
taenite forms having composition of approximately 502 Ni.  Scott 
(27) 
and Clarke    still interpret their optical anisotropy work as 
indicating that all of the taenite is ordered with regions of 
different ordering variants giving rise to the optical aniso- 
tropy under polarized light. 
( 28} 
In a related study Albertsen, et al.    examined taenite 
containing the cloudy zone with Mossbauer spectroscopy.  Their 
results showed that the cloudy zone consists not of a and y  but 
of ordered y  of 50 wtX Ni and disordered y of less than 25 wt% Ni. 
To date this has not been confirmed. 
Estherville 
The mesosoderite Estherville contains nickel-iron masses 
(4) 
within a silicate matrix.    The bulk Ni content of the metal 
(29) 
masses in Estherville was determined by Powellv   to be 8.75% Ni. 
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In addition, he observed that sorae of the nickel-iron masses 
contained Widmanstatten patterns.  The presence of the Widman- 
statten pattern indicated that the meteorite had cooled very slowly. 
His cooling rate calculations indicated that Estherville had 
cooled at a rate of ^0.1 C/10 years. 
When Scott    investigated the metal phases in Estherville 
he found that the cloudy zone was present in some of the taenite. 
Scott did an investigation of the cloudy zone by X-ray, TEM and 
SEM.  The results of his work showed that the cloudy zone was 
a honeycombe mixture of kamacite and taenite. 
Estherville was also one of the first meteorites to be 
examined by polarized light for ordered taenite.  Scott and 
(22) Clarke    rqported finding the ordered taenite in Estherville 
by optical anisotropy.  Mehta, et al.    obtained a section of 
Estherville (which Scott and Clarke had found contained ordered 
taenite) and examined it by microprobe, TEM, and STEM.  Their 
investigation found that in taenite containing 48-52Z Ni the 
taenite had indeed ordered.  Ordered domains with their anit- 
phase boundaries (APBs) were observed.  The superlattice spots 
present in the diffraction patterns were the first non-Mossbauer 
evidence for ordering in iron-nickel meteorites. 
Although much work has been done on the Estherville meteorite, 
many questions still remain.  The cloudy zone of Estherville consists 
of very large particles of taenite and kamacite.  Although Scott 
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was able to identify the nature of the cloudy zone, equipment 
limitations did not permit the compositions of the phase within 
the cloudy zone to be obtained.  Obtaining the composition data 
of each phase in the cloudy zone might lead to a determination 
of its origin.  The presence of ordering within the taenite 
of Esthcrville was found only in a large separate mass of clear 
taenite which did not contain the cloudy zone.  The clear taenite 
adjacent to the cloudy zone has not been investigated for the 
presence of ordered taenite.  In addition, the investigation 
of the cloudy zone by Scott did not mention whether extra spots 
were encountered in the diffraction patterns which would 
indicate ordering in the cloudy zone taenite.  Thus, a further 
investigation of Esthcrville could prove fruitful. 
Ataxites 
Many iron meteorites which bear the name ataxite were 
grouped together simply because their structure was too fine to 
be discerned by the unaided eye.  '    As a result, meteorites 
from chemical groups IVB and the anomalous group have an ataxite 
structure. 
The general ataxite structure consists of a very dense net- 
work of plessite with occasional a  platelets in a Widmanstatten 
orientation.  This very fine structure discouraged investigation 
of ataxites.  In 1964, Baker, et al.     published the first 
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results of an electron microprobe investigation of an ataxite. 
They examined the ataxite Corowa and identified the metal phases 
which were present.  Because they lacked suitable Fc-Ni standards 
no composition information was obtained. 
The first TEM investigation of ataxites was done by Jago in 
(31) 
1979.      In his preprint, he discusses structural observations 
of three ataxites and three plessitic octahedrites.  The ataxites 
he examined were Arltunga, Tawallah Valley and Warburton Range. 
Jago found the plessite of Arltunga consisted of kamacite with 
rims of taenite.  Within the very fine taenite a lathlike 
structure was observed that Jago proposed wao martensite.  He 
proposed that Widmanstatten decomposition (y  -*• a-t-y) was responsible 
for the microstructure. 
Tawallah Valley and Warburton Range were found to have 
similar microstructures of Widmanstatten a   platelets rimmed by 
taenite in a plessite matrix.  The plessite was a duplex a+Y 
plessite that was attributed to martensite decomposition.  Cloudy 
zone was found in the taenite rim around the a platelets of 
Warburton Range.  However, Tawallah Valley was found not to 
contain any cloudy zone. 
Analytical Electron Microscopy 
The Analytical Electron Microscopy (AEM) has been developed 
over the years as a hybrid instrument combining the features of 
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a Transmission Electron Microscope (TEM) and a Scanning Electron 
Microscope (SEM).  The AEM is a converted TEM that uses scan 
coils added after the probe forming lens to raster a fine (>20A) 
probe over a thin foil specimen.  Because the AEM can be used as a 
conventional TEM when the scan coils are not used,the AEM is often 
referred to as a TEM/STEM (Scanning Transmission Electron Micro- 
scope).  A schematic ray diagram of a TEM/STEM is shown in Figure 
9. 
Because of the fine probe size and the scanning ability of 
the probe there are a number of ways that images can be formed 
in an AEM.  The AEM can form TEM images from transmitted 
or diffracted electrons as well as SEM-type images from secondary 
and backseattered electrons.  Scanning images can also be formed 
from transmitted and diffracted electrons with resolution approaching 
(32) 
the probe diameter.      Diffraction patterns can be generated 
the normal TEM way by the use of the selected area aperture as 
well as by using the fine STEM probe size to get microdiffraction 
from areas the size of the probe itself.  In microdiffraction, 
the scanning probe is stopped and positioned on the area from 
which the diffraction pattern is to be obtained. 
The real power of AEM lies in its capability to obtain x-ray 
microanalyses from very small areas (^10-20 nm).  The very small 
probe size makes the chemical analyses of submicron phases possible. 
An energy dispersive spectrometer (EDS) detects the X-rays which 
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emerge from the sample.  The use of the EDS detector limits 
analyses to elements with atomic numbers greater than or equal 
to 10 (neon). 
The development of quantitative X-ray analysis in the AEM 
has its roots in microprobe X-ray analysis.  As with microprobc 
X-ray analysis, composition analysis by X-rays in the AEM 
utilizes the intensity measurements of the emitted X-rays. 
Goldstein's development of the equations necessary for turning 
intensity data into compositions can be found in refs. 33 and 34. 
Much of his development is reproduced below. 
The average number of ionizations, n,per primary beam electron, 
E , incident on a sample containing element A can be obtained from 
Che eqi 
o' 
: uation 
" 
=
 ^7   J    dETdX dh (1) 
c 
where dE/dX is the mean energy change of an electron in travelling 
a distance X, N is Avogadro's number, p is the density of the 
material, A. is the atomic weight of A, C. is the concentration 
of element A, E is the critical excitation energy for K, L, or 
M characteristic X-rays from element A, and Q. is the ionization 
cross section (the probability per unit path length of an electron 
of a given energy causing ionization of a particular shell (K, L, 
e 
or M) of an atom A in the specimen.  The ionization cross section 
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is a function of the energy E along the path length X of the 
electron). 
In solid samples some fraction of electrons, 1-R is back- 
scattered from the target and does not generate ionizations. 
Multiplying n by the fluorescence yield W  for element A 
characteristic K or L lines, the fraction a, of the total K or A 
L lines intensity that is measured as ka or 1  radiation and the 
a 
backscatter factor R gives the characteristic X-ray intensity 
in photons per incident electron generated in the sample: 
mstant f 
"X   °A R WA aA   J const I      A . . lA  =  T C R W a    dE7dT dE (2) A
E 
c 
The measured intensity of the characteristic X-ray lines 
must also be corrected for absorption of X-rays within the specimen 
and fluorescence effects from X-rays generated from other 
elements in the target.  Classical microprobe analysis considers 
all the so called ZAF factors in order to obtain accurate local 
chemical analyses.  Methods of quantitative X-ray analysis have 
been discussed in ref. (35). 
In electron microscope thin films,few electrons are back- 
scattered and the electrons lose only a small fraction of their 
energy in the film.  Therefore, Q, can be assumed to be constant 
A 
in the film.  The trajectory of the electrons can also be 
assumed to be essentially the same as the thickness of the thin 
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film t.  Therefore the characteristic X-ray intensity can be 
given by a much more simplified formula namely: 
IA - constant CA wA QA aA t/AA (3) 
If one assumed that the analyzed film is "infinitely" thin, the 
effects of X-ray absorption and fluorescence can be neglected, 
and the generated X-ray intensity and the X-ray intensity leaving 
the film are identical.  This assumption is known as the thin 
film criterion. 
Solving equation 3 for C. appears to be easy, but the calcu- 
lation of the constant and other terms make the actual calcula- 
tions difficult.  In addition, the film thickness varies from 
one point in the specimen to another making it inconvenient to 
measure film thickness t continuously. 
("X (\ 
Cliff and Lorinier    have proposed an analysis technique 
in which the X-ray intensity ratio \J\     of two elements A and 
D in a foil is measured simultaneously.  This intensity ratio 
is related directly to the mass concentration ratio C./C . 
Using equation (3) for elements A and B results in an equation 
of the form: 
or 
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The term k  varies with operating voltage but is independent of 
sample thickness and composition if the two intensities are 
measured simultaneously and if the thin film criterion is satisfied, 
The measurement of X-ray intensity ratios I,/I_ is called the 
A  B 
ratio technique or the Cliff-Lorimer method.  This technique is 
the one used in this investigation. 
In order to use the Cliff-Lorimer method one must be able 
to predict at what thickness a specimen violates the thin film 
(9) 
criterion.  The following analysis was done by Romig   to find 
the film limits in the Fe-Ni system.  Two separate methods have 
been published to determine the maximum thickness at which the 
(37) 
thin film criterion breaks down.  Tixier and Philibert    and 
(34) Goldstein    agree that an absorption correction has to be made 
when the X-ray intensity ratio !./!„ varies by more than 10% from 
the ratio obtained from an infinitely thin film. 
The Tixier and Philibert thin film criterion is found for 
each element in the sample and is given by 
xA p t < 0.1 (5) 
where 
x = u/p)     • CSC a and u/p)    is the mass absorption 
SPEC SPEC 
coefficient for the characteristic X-rays of element A in the 
specimen composed of elements A, B, C. . . and a is the take off 
angle between detector and specimen.  The density p is calculated 
22 
l
','l± (6) 
i 
where C are the mass concentrations and p  the densities for 
the elements in the thin film. 
The thin film criterion of Goldstein, et al. is that for any 
set of two elements A and B considered in the ratio method, the 
absolute value of 
(xB-xA) ' pt/2< 0.1 (7) 
or an absorption correction is necessary. 
(9) 
Romig   went through the thin film criterion calculations 
for Fe-Ni alloys containing 2, 5, 10, 20 and 50 wt% Ni and found 
that the thinnest film to violate the thin film criterion was 
^2000A\  For Yc-27.  Ni Fe-Ni foils up to 2000X thick are trans- 
parent to electrons at 100 kV.  Thus for this system, if the 
area is electron transparent no absorption corrected need be 
applied. 
It is interesting to note that Romig's calculations were 
made for take off angles of 36 .  In the Philips EM A00T the 
take off angle has been reduced to 20 .  Michael    has 
recently calculated the thin film criterion for several binary 
system, among these Fe-Ni, using the 20  take off angle.  His calcu- 
lations yielded a minimum thickness thin film criterion for Fe-5% 
Ni to be ^2900R,  Thus it is still acceptable to use the k-factor 
vithout any corrections for absorption or fluorescence in the 
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Philips EM 400T. 
Coo 1 in p, Rates 
Finding out the nature of the parent body(ies) and from 
what area within the parent body a meteorite comes from is one 
of the goals of the study of meteorites.  One step towards this 
goal is to establish cooling rates for meteorites and from these 
rates determine the thermal history.  In a review article 
(39) 
Fricker, et al.    describes the process whereby cooling rates 
determined from meteorites are compared with theoretical thermal 
models of cooling of asteroid bodies.  From these calculations 
it was determined that the maximum meteorite parent body radius 
was <_300 KM.  The positions of the meteorites within the parent 
body could be anywhere from the core to the surface of the 
parent body.  Fricker, et al. reviews the work that went into 
the establishment of the "raisin bread" model where the iron 
nickel meteorites come from various locations within the parent 
body much as raisins are spread throughout raisin bread and the 
core model where it is assumed that all meteorites originated 
from the core of a planet body.  Scott    proposes another model 
whereby the iron meteorites cooled from the melt and solidified 
into KM sized bodies which somehow were brought together to form a 
much larger mass.  This mass later cooled down through the range 
where the Widmanstatten precipitation occurs.  Further development 
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of these theories is outside the scope of this investigation. 
No matter which model is used the determination of the cooling 
rates of the iron meteorites plays an important role in its 
development.  Many methods to determine the cooling rate depend on the 
nature of the Widmanstattcn pattern.  Goldstein and Short determined 
the cooling rates of 193 meteorites through the use of a computer 
program which found the cooling rates necessary to produce 
kamacite precipitates of varying band widths.  Their computer method 
utilized the known phase diagram and diffusion coefficients in 
the Fe-Ni system and examined the effect of bulk Ni content, under- 
cooling below equilibrium a precipitation temperatures, infringement 
of neighboring kamacite plates, cooling rate of the meteorite and 
pressure on the Widmanstattcn structure.  The calculated band 
widths were then compared with actual band width to assign cooling 
rates to the meteorites. 
(42) 
In another paper Short and Goldstein    utilized their 
method described above to derive two rapid methods of determining 
cooling rates.  Both methods assumed undercooling of 110 C and 
that infringement of a platelets did not occur.  In the first 
rapid method the kamacite plate thickness in meteorites with 
well developed Widmanstatten structure is used along with the bulk 
Ni content to obtain cooling rates from a graph shown in Figure 10. 
The second method relies upon the interface composition value 
of the taenite to obtain the cooling rate.  Short and Goldstein 
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found the maximum Ni content in the a  and y  phase are correlated 
with cooling rate for meteorites having cooling rates <_50 C/10  yrs. 
The relationship they determined was: 
log,„ (cooling rate) ■= 4.77 - 0.104 (C    )     (8) 10       u Y-max 
The previous descriptions for determining the cooling rates 
of iron meteorites depended on the meteorites having a well 
developed Widmanstatten structure.  In meteorites such as the 
ataxites which do not have the large platelets of kamacite, 
determination of the cooling rate can be difficult.  In many of 
these the cooling rates have not been determined.  Some of these 
ataxites such as Tawallah Valley have small particles of Widman- 
statten kamacite which can be measured.  Thus the graph in 
Figure 10 can be used to get an estimate of the cooling rate. 
For Tawallah Valley which has an average kamacite plate 
width of .01 mm and a bulk Ni content of 17.6 wt% Ni the cooling 
rate from the graph of the rapid method of Short and Goldstein 
is 20°C/106 yrs. 
It is important to point out that these cooling rates are 
approximations only.  In the rapid method used above the error 
listed by Short and Goldstein is +100 percent.  For ataxites 
such as Arltunga where there are very few (if any)a blebs the 
cooling rate has been judged to be very fast on the basis of 
of the plessite microstructure. 
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Fe-Ni Phase Diagram 
The iron meteorites are essentially Fe-Ni alloys with other 
elements present as impurities.  Because of this the Fe-Ni phase 
diagram is often used in the discussion of the phases in meteorites. 
Up until 1965 the phase diagram that was used was the one determined 
(43) by Owen and Liu    in 1949 by X-ray methods.  This diagram was 
useful at high temperatures but it wasn't until 1965 that the phase 
diagram was known accurately between 800 C and 500 C.  Goldstein 
C44) 
and Ogilviev    in 1965 determined the solubility limits of 
the Fe-Ni phase diagram by two methods.  Their use of the diffusion 
couple method and the quench and anneal method produced precipi- 
tates in their samples which were large enough for electron 
microprobe X-ray microanalysis.  In 1979, using the quench and 
(9) 
anneal method, Romig   determined the Fe-Ni phase diagram down 
to 300 C.  His procedure differed from the one used by Goldstein 
and Ogilvie in that he employed a STEM to obtain X-ray microanalyses 
from small participates.  Romig used the interfacial composition 
of the a and y  phase of the samples as the solubility limits of 
the phase diagram at that annealing temperature. 
In addition to the Fe-Ni binary system, Romig determined 
the phase boundaries for the Fe-Ni(P) pseudo-binary system. 
Phosphorous plays an important role in the phase transformation 
(45) 
within the Fe-Ni meteorite.  Goldstein and Doan    showed that 
by adding as little as 0.1 wt% P the Widmanstatten pattern could 
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be obtained in Fe-Ni alloys of meteoritic composition.  Previous 
attempts at producing a synthetic Widmansttaten pattern had 
always failed because the alloy lacked P.  Goldstein and Doan 
determined that P lowered the amount of undercooling required 
to approximately 50-100 C in order to obtain nucleation of 
kamacite homogeneously.  They also found that the precipitation 
of kamacite was linked to the precipitation of phosphides in 
alloys containing >7 wtZ Ni and higher phosphorous contents. 
Romig's work determined the phase boundaries in the P saturated 
pseudobinary Fe-Ni system.  The results of his work are shown 
in the phase diagram in Figure 3. 
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EXPERIMENTAL PROCEDURE 
Samples of the ataxites were chosen during a visit to 
the Smithsonian Institute in Washington, D.C. to examine the 
collection of meteorites.  During the visit, Dr. Roy S. Clarke, 
curator of the meteorite collection, helped in the examination 
of numerous ataxites by light microscopy.  This examination 
led to the choice of eight ataxites for this investigation.  A 
list of these meteorites along with their bulk composition can 
be found in Table 2.  In addition, Dr. Clarke supplied a section 
of the Estherville meteorite (USNM #3312) for investigation. 
Light and Scanning Electron Optical Sample Preparation 
All of the samples were mounted in lucite prior to polishing, 
The polishing procedure was a standard metallographic polishing 
technique consisting of fine grinding with silicon carbide papers 
(240, 320, 400 and 600 grits) followed by rough polishing with 
3 um diamond paste.  Final polishing was done on polishing wheels 
with alumina slurries (1.0, 0.1, and 0.06 Um). 
After polishing the samples were etched with 2% nital for 35 
seconds prior to examination.  Experiments with the Carlton 
meteorite showed that an etching time of %35 seconds gave the 
best definition of the cloudy zone.  Light optical examination 
of the samples was performed on a Zeiss Axiomat microscope. 
An ETEC Autoscan SEM was utilized for the SEM work. 
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TEM/STEM Sample Preparation 
Samples from four ataxites--Hoba, Tawallah Valley, Nord- 
heim, and Arltunga—and the Estherville mesosiderite were sectioned 
and, where size permitted, sliced into wafers ^12 mils thick on 
a slow speed diamond saw.  The samples were not oriented in any 
particular crystallographic orientation prior to slicing 
because of the small sizes of the as-received samples and the very 
fine structure which made it difficult to orient the samples. 
To avoid any structural damage which could be caused by reheating, 
Electrical Discharge Machining (EDM) was used to trepan the wafers 
into discs ^3 mm in diameter.  Because of the non-uniform shape of 
the Estherville sample it was easier to trepan  the desired area 
of the sample first into a rod 3 mm in diameter by EDM.  This 
sample was then sliced into thin discs. 
The ataxite 3 nun discs were thinned by fine grinding on 
silicon carbide papers (320, 400, and 600 grits) to a thickness 
of ^2 mils.  The discs were then jet polished to obtain electron 
transparent thin area.  Jet polishing was done in a Fischionne 
unit with a solution of 2% (vol.) Perchloric Acid in ethanol 
at M.05 V and ^20 ma.  The resulting samples were cleaned with 
an ion beam thinner operating at 7 kV with the sample at 11  tilt 
angle for 15-20 minutes to remove any residue from jet polishing. 
The Estherville sample was also thinned by fine grinding to %2 mils, 
However, jet polishing was only done on the sample until enough 
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material was removed so that the sample appeared to be "dished 
out".  Because electron transparent thin area was desired at 
the center of the 3 mm disc, ion beam thinning was used to thin 
the disc the rest of the way.  This was done because ion beam 
thinning removes material at a much slower rate than jet polishing 
and thus allows much better control of the thinning process. 
Since so little material of the Estherville sample was obtained 
none of it could be wasted. 
The samples were examined in either the Philips EM300 or 
400T Analytical TEM/STEM microscope.  The 400T was used for all 
STEM X-ray analyses. 
STEM Procedure 
STEM data was acquired from the EM 400T under the following 
operating conditions: 
Accelerating voltage:   100 kV 
Probe sizes: 200, 100, 50 and 20A* 
Count time: 100 sees. 
Take Off Angle: 20° 
After a spectrum was acquired the SWTHIN program in the 
EDAX 9100 system was used to analyze the spectrum.  Through a 
series of commands the background was stripped from the spectrum 
and the integrated intensities and weight percentages of Fe and Ni 
were obtained. 
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-The SWTHIN program is unique in that one does not set up 
windows for elements and background.  Instead the computer allows 
one to fit a background curve corresponding to the continuum 
radiation near the characteristic X-ray peaks of interest.  Using 
this background curve as a basis the program then fits curves to the 
K^   and Kg lines of the elements of interests. 
The Kg peak was fit as a fixed percentage of the KQ peak.  The 
computer then calculates areas under the peaks and subtracts from 
these areas the background areas under the peaks.  The integrated 
intensities resulting from this process are full shell (Ka + Kg) 
intensities. 
An iterative procedure is required to get an acceptable 
background fit since the X-ray peak fit is dependent on the back- 
ground fit.  Fitting a background requires the operator to break 
up the continuum near the characteristic X-ray peaks into segments. 
The computer determines the average intensity of the continuum 
in this segment and plots this as a curve within the segment.  The 
series of curve segments makes up the background curve fit.  The 
computer uses this background when it generates curves to fit 
the K and KR peaks.  If the background fit is not adequate 
the computer generated X-ray peaks do not overlap the measured 
spectrum.  In such a case the background fit has to be redone. 
Experience showed that a new background fit had to be performed 
at the start of each microscope session.  Once it was obtained the 
32 
background fit was good for all spectra acquired during the session. 
Afte* the full shell characteristic X-ray intensities were 
obtained the EDAX 9100 SWTHIN program calculated the weight per- 
centages of each element from the equation: 
CFe   ,       XFe 
Si   FcNi   hi (9) 
The program used either experimentally determined or calculated 
k factors.  The program also ensured that C„ + C„. = 100. 
Fe   Ni 
The STEM traces were taken perpendicular to the a/y phase 
boundary.  This was ensured by drawing a line perpendicular to 
the image of the phase boundary on the STEM CRT screen and marking 
positions on this line where X-ray analyses were to be taken. 
Care was taken to ensure that the interface was parallel 
to the beam.  This was done by tilting the specimen holder a few 
degrees in either direction.  But in most cases no tilting was 
required.  Spurious X-rays from the holder and the column were 
eliminated by the use of a thick platinum aperture in the second 
condenser lens and by the use of Be in the specimen holder.  No 
spurious X-rays were encountered when the beam was dropped down 
the hole in the specimen.  This indicates that the measures taken 
to ensure to eliminate spurious X-rays in the EM 400T were 
successful. 
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K-Factor DetcrminatIon 
Before any analyses can be made the k_ ... calibration factors FeNi 
must be known.  In this work the k„ „. factor was measured. FeNi 
Single phase foils of known composition (C_ , C  ) were used to 
obtain X-ray intensity data for Fe and Ni.  Using Equation 1 the 
k_ „. factor can be directly calculated. 
TeNi 
To obtain samples for the STEM k-factor determination, 
rods of pure Fe and pure Ni were used to melt alloys of ^15 
and 30 wt% Ni.  Fe and Ni rods for each sample were placed in a 
crucible in a high frequency RF induction furnace and melted under 
an inert atmosphere of Argon and H„ (20/1 ratio).  The RF furnace 
provided enough mixing of the molten Fe and Ni to prevent any 
gross segregation of Fe or Ni. 
To ensure homogenization the samples, along with pieces 
of tantalum foil as an oxygen getter, were vacuum encapsulated in 
fused silica and then austenitized for 15 days at 1100 C.  This 
temperature is well within the single phase y  region of the Fe-Ni 
phase diagram for both compositions. 
After being removed from the furnace, the samples were 
immediately quenched, first in water, and then in liquid N„, to 
ensure single phase samples for determining the k  ... factor. 
r e N i 
The quenching of the austenitized samples caused the formation 
of martensite with little or no  retained austenite.  The 
martensitic rods were then sliced on the diamond saw.  The slices 
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were mounted and polished for electron microprobe determination 
of homogeneity. 
The homogeneity of each sample was determined from the 
electron microprobe by taking 25 measurements at random points 
across eacli sample.  The average composition determined from these 
25 measurements was taken as the composition of the sample.  The 
level of homogeneity (in rel. Z) in each sample for a given 
(35) 
1-a confidence level was found from the equation 
w.    t]~a     S 
,  1-a    1-n   c + __ - -^-^ _ 
n*    N 
where W is the range of homogeneity in wt/.', C is the true wt. 
fraction of the element of interest, n is the number of measurements, 
N is the average number of counts accumulated at each measurement, 
t    is the student t value for 1-a level and for n-1 degrees 
of freedom, and S  is the standard deviation of the counts, 
c 
The results of the homogeneity measurements at the 99% 
confidence level of the two samples is shown in the following table. 
Aim Composition      Actual Composition Homogeneity 
(wtZ Ni) (vt% Ni) 
15 16.28 + 1.2 rel.% 
(+ 0.19 wtZ) 
30 29.15 +0.35 vel.Z 
(+0.10 wtZ) 
The samples were then broken out of the mounts, spark trepanned into 
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3 mm discs, ground, jet polished and ion beam cleaned for 
examination in the Philips EM 400T. 
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RESULTS 
Esthervillo 
Microstructure—Light and SEM 
The microstructure of the Estherville sample was determined 
by light and scanning electron microscope examination of the sample. 
The sample contained fingers of taenite in a kamacite matrix as 
shown in Figure 11.  Most of the taenite present exhibited the 
characteristic brown color of the cloudy zone when etched.  Figures 
11 and 12 show examples of the cloudy zone with its rim of clear 
taenite on either side.  Examination of the unetched sample under 
polarized light confirmed the presence of ordered taenite in the clear 
taenite rim.  The ordered taenite appears as regions of light and 
dark contrast at the edges of the taenite in Figure 13. 
SEM examination of the taenite fingers confirmed that the 
cloudy zone consisted of a honeycombe mixture of kamacite and taenite. 
In addition to the usual globular nature of the cloudy zone taenite, 
veins of taenite were found in the cloudy zone.  The low magnifi- 
cation image in Figure 14 shows the network of the veins.  These 
veins had not been reported previously.  Higher magnification SEM 
images in Figures 15-18 show these veins to be coalesced taenite 
particles.  (In all of the SEM photomicrographs, the kamacite 
phase appears to be etched out.) 
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Microchemistry 
A. Microprobc Analysis 
After the microstructure of the sample was determined, a 3 mm 
diameter circular area containing a finger of taenite was marked 
off and made into a TEM/STEM specimen.  This area is shown in 
Figure 19.  Prior to spark machining into a 3 mm diameter rod the 
area was examined in the electron microprobe.  The resulting 
composition profile is shown in Figure 20.  The contamination 
spots deposited on the sample during the analysis are shown in 
Figure 3.  The composition of the clear taenite on either side of 
the cloudy zone varied from ^8-527,  Ni while the cloudy zone itself 
varied from ^39 to ^17.  Ni. 
B. STEM Analysis 
Three composition profiles were obtained from AEM examination 
of the Estherville sample.  The first composition profile obtained 
was across the a/clear y   interface and is shown in Figure 21. 
The average composition of the taenite was 50.62: Ni while the kama- 
cite averaged 3.7% Ni.  A second profile was obtained from the 
border of the clear taenite and the cloudy zone.  As the clear 
taenite/cloudy zone interface is not planar the profile path was 
chosen so that a bec particle in the cloudy zone was crossed during 
the trace.  This composition profile is shown in Figure 22.  The 
average composition of the taenite was a,47X Ni in both the clear 
taenite and the cloudy zone taenite.  A third composition profile 
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was obtained by using a 20A probe to obtain a trace across a 
single a crystallite in the cloudy zone.  This profile is shown 
in Figure 23.  Again, the average Ni content of the taenite 
was ^47% Ni. Spot compositions were obtained from bec phase using 
the 20A  probe size.  The average composition of the bec phase 
was %23% Ni. / 
TEM Results 
A.  Micrestructure 
The honeycombe structure of the cloudy zone is easily seen 
in the TEM bright field micrographs of Figures 24-27.  The 
globular taenite particles are separated from each other by the 
bec phase.  In addition, the TEM bright field micrographs show 
two aspects of the microstructure not readily apparent from 
SEM or light optical examination.  The first structural feature 
that is clear is that the veinlike taenite Is the same as the 
globular taenite.  This is shown in Figure 24.  The veinlike 
taenite appears to be coalesced globular taenite particles. 
The nature of the bec phase in the cloudy zone is the second 
microstructure feature not previously observed.  The bec phase 
shown in Figures 24-27 have fine internal structure.  This is 
clearly seen in Figure 27 which shows a lathlike  structure in the 
bec phase.  This lathlike structure with its 23% Ni content appears 
to be martensite and not kamacite. 
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B.  Diffraction 
TEM diffraction patterns were obtained from the conventional 
TEM selected area aperture method as well as from microdiffraction 
methods which utilized the fine probes available in the TEM/STEM. 
The clear taenite bordering the cloudy zone contained ordered 
taenite as indicated by the polarized light examination.  Examples 
of diffraction patterns obtained from the clear taenite are shown 
in Figures 28-32.  The presence of the ordered phase is shown by 
the superlattice spots.  Note how some patterns contain more than 
one variant of superlattice spots.  This indicates the presence 
of more than one variant of the ordered phase in that area 
of the taenite.  A centered dark field from an ordered spot in the 
SADP from clear taenite is shown with its bright field in Figure 
33.  This figure shows the ordered phase to be present as very 
fine (>20A) particles within the disordered taenite.  No antiphase 
boundaries (APBSs) were found.  However, the SADPs in Figures 28- 
32 show satellite spots around the fee spots.  Satellite spots 
(47) 
could indicate that a periodic or modulated structure is present. 
Examination of the taenite crystallites in the cloudy zone 
revealed that these were ordered also.  Examples of the micro- 
diffraction patterns obtained from the y  crystallites are shown in 
Figures 34 and 35.  Note the superlattice spots indicating the 
presence of an ordered structure.  Centered dark field images from 
disordered and ordered taenite spots are shown in the two sets of 
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cloudy zone photomicrographs shown in Figures 36 and 37.  In each 
case note the particulate nature of the images formed from both 
the ordered and disordered taenite spots.  The cloudy zone taenite 
appears to consist of ordered and disordered taenite. 
Microdiffracton patterns from adjacent y  crystallites in the 
cloudy zone showed that all the Y crystallites possessed the same 
orientation.  This confirms the single crystal nature of the taenite 
in the cloudy zone.  Examples of diffraction patterns obtained from 
two adjacent y  crystallites are shown in Figure 28.  The taenite 
in the cloudy zone and the clear taenite adjacent to the cloudy zone 
also possessed the same orientation.  Microdiffraction patterns from 
the y  crystallites in the cloudy zone and the adjacent clear taenite 
are shown in Figure 29. 
Selected area diffraction patterns from the cloudy zone showed 
the orientation relationship of the fee taenite with the bec phase 
was Nishyama-Kasserman.  A diffraction pattern shewing this 
orientation is shown in Figure 30. 
Ataxites 
Light and SEM Microstructure Examination 
Light optical and scanning electron microscope examination of 
the eight ataxites showed that the ataxites could be divided into 
two groups on the basis of the plessite structure.  These groups 
can be called the Widmanstatten decomposition group and the 
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martensite decomposition group.  The Widmanstatten decomposition 
group, consisting of the meteorites Arltunga, Nordheim, and 
Gaffey, has a plessite microstructure that displays only the 
Y •*■ a+y  Widmanstatten type of plessite.  The martensite decomposition 
group contains the meteorites Tawallah Valley, Hoba, Weaver Mts., 
Cape of Good Hope and Chinga.  The microstructure of these meteorites 
contain some Widmanstatten a  platelets but is predominantly fine 
plessite formed from martensite decomposition, i.e. y "*■ <*2 "* a+Y- 
Examples of the microstructure present in each meteorite is shown 
in Figures 41 through 71. 
The separating of the meteorites into two groups can also be 
done in two other ways.  One way is to group the meteorites by 
their chemical groups.  As was seen in Table 1, Arltunga, Guffey 
and Nordheim of the Widmanstatten group are from the anomalous 
chemical group.  Their Ni contents are low, ranging from 9.9 to 
11.7% Ni.  The other five ataxites (of the martensite decomposition 
group) are from the chemical group IVB.  The Ni contents of this 
group range from 16.3 to 17.7 wtZ Ni.  The other way to group the 
meteorites is by cooling rates.  Again, Chinga, Cape of Good Hope, 
Hoba, Tawallah Valley and Weaver Mts., fall into one group which 
can be called the slow cooling rate group (<_25   C/10  yrs.). 
Arltunga, Nordheim, and Guffey belong to the fast cooling group 
although only Arltunga has a listed cooling rate.  The identical 
way in which the meteorites are grouped by the three methods 
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demonstrates the effect of cooling rates and chemical composition 
on the plessite structure of the meteorite. 
The Widmanstatten decomposition group has a microstructure 
consisting of kamacite grains with rims of taenite.  Often the 
taenitc rims have a ribbon-like appearance.  This structure is 
shown in the light and SEM micrographs of Arltunga (Figures 32- 
35), Kordheim (Figures 36-39), and Guffey (Figures 40-43).  The 
higher magnification SEM pictures of Arltunga and Guffey, Figures 
35 and 43, respectively, show what appears to be internal structure 
within the taenite rims.  The kamacite is multigranular and often 
several kamacite grains are found between the taenite ribbons. 
The martensite decomposition group has a microstructure 
distinctly different from the Widmanstatten decomposition group. 
The martensite decomposition group has a microstructure consisting 
of Widmanstatten a platelets in a fine plessite matrix.  Figures 
44 and 62 show the structure of the five meteorites in this group, 
lhe plessite matrix consists of regions of y   rods in an a matrix 
surrounded by a y   rim.  These y   rims show the outlines of the prior 
martensite plates.  As was described in the background section, 
this is the type of microstructure expected from martensite decompo- 
sition.  Some retained martensite can still be seen at the edge of 
the taenite rim on the Widmanstatten a platelet. 
Although all five meteorites in the martensite decomposition 
group contain similar microstructures, one difference stands out 
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among them from light and SEM examination.  This difference is 
in the number of Widmanstatten a platelets present in each 
meteorite.  Weaver Mts. and Tawallah Valley have a much higher 
number of a platelets in their microstructure than do Hoba, Chinga 
or Cape of Good Hope. 
All of the ataxites were etched with nital for 35 seconds. 
As described in the experimental procedure section, this etching 
procedure would maximize the chances of observing  the cloudy 
zone if it were present in the taenite.  No cloudy zone was found 
in any of the eight ataxites examined.  Because of the very fine 
plessite structure, no determination could be made on the presence 
of ordered taenite by examination under polarized light. 
Since the microstructure of the meteorites within each group 
were very similar only two meteorites from each group were chosen 
to be examined by TEM/STEM.  The meteorites chosen from the marten- 
site decomposition group were Tawallah Valley with its numerous 
a platelets and Hoba which had few a platelets.  Arltunga and 
Nordheim were chosen from the Widmanstatten decomposition group. 
TEM Results 
The TEM microstructure results of the martensite decomposition 
group are similar to those found by light and SEM examination. 
An example of this can be seen in the montage from Tawallah Valley 
in Figure 72.  The montage shows a Widmanstatten a platelet along 
with its rim of clear taenite and the plessite matrix.  The retained 
44 
martensite can also be seen in this figure.  The plessite structure 
varies chiefly in the size of the y   rods.  All the decomposed 
martensite in the plessite consists of the y   rods in an a matrix 
surrounded by a taenite rim.  This can be seen in Figures 73 and 
74 where plessite containing fine y   rods is adjacent to the plessite 
with large y  rods.  Some of the detail of the y   rods in Tawallah 
Valley are shown in Figures 75 and 76.  Figure 77 shows very tine 
Y rods in an a matrix adjacent to martensite. 
Diffraction results from the Tawallah Valley meteorite indi- 
cated that the orientation relationship between the Widmanstatten 
a platelet and its rim of clear taenite was Nishyama-Wasserman. 
This is shown in the diffraction pattern in Figure 78.  The 
Nishyama-Wasserman orientation relationship was also found to be 
the relationship between the large y  rods and the a  matrix in the 
plessite of Tawallah Valley.  The diffraction pattern showing 
this relationship and the corresponding bright fields and dark 
fields can be found in Figure 79. 
As was discussed earlier in the SEM examination of the 
meteorite, the microstructure of Hoba is very similar to Tawallah 
Valley.  The major difference between the two is that Hoba has much 
fewer Widmanstatten karaacite platelets than does Tawallah Valley. 
No a platelets were encountered in the TEM examination ot Hoba. 
The plessite of Hoba is very similar to that of Tawallah Valley as 
can be seen in Figures 82-85.  Figure 82 shows how the Y rods vary 
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in size in adjacent plessite regions.  Figures 83-85 show some 
of the plessite structures encountered.  No cloudy zone or ordered 
taenite was found. 
An attempt was made to determine orientation relationships 
for the y rods in the a matrix.  After numerous tries no determina- 
tion of the orientation relationship could be made.  This was 
probably due to the orientation of the as-received sample.  The 
small sections received had precluded taking samples from other 
than one orientation. 
The Widmanstatten decomposition group exhibited microstructure 
which contained a grains with taenite rims.  SEM examination of 
Arltunga had revealed the presence of internal structure within 
the taenite.  TEM examination showed that this structure was 
martensite.  Examples of the prevalence of martensite within the 
taenite in Arltunga is shown in Figures 86-91.  The highly 
dislocated lathlike martensite is found within the center of almost 
all the taenite. 
The Nordheim meteorite had not exhibited as much internal 
structure as Arltunga had exhibited in the SEM examination, but 
TEM examination showed that it also had martensite within the Y rims, 
This is shown in Figures 92-96.  The microstructure of Nordheim 
had a higher dislocation density than that of Arltunga. 
TEM diffraction results were also obtained from Arltunga and 
Nordheim.  An attempt was made to determine the orientation 
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relationship between y and a and y and Y2 •  No relationships 
were determined due to the complex nature of the three phases. 
An example of the diffraction patterns obtained and centered 
dark, field images are shown in Figures 97 and 98. 
Microchemistry 
X-ray microanalyses were obtained from the TEM/STEM by using 
the analytical capabilities of the Philips 400T.  The results of 
the microchemical analyses can be seen in Figures 99 through 109. 
Of the two meteorites examined in the martensite decomposition 
group only Tawallah Valley had Widmanstatten a platelets which 
could be analyzed.  Two composition profiles across the Widman- 
statten a/clear taenite interface are shown in Figures 99 through 
100.  As can be seen trom these profiles the highest taenite Ni 
content was found to occur at the a/y interface.  In both cases, 
the highest value was approximately 48% Ni.  Both profiles show 
decreasing Ni content as one moves away from the a/y interface 
towards the plessite.  At approximately 25% Ni martensite is 
encountered.  The small amount of retained martensite immediately 
gives way to the plessite.  The plessite itself had formed when 
martensite of lower Ni content had decomposed. 
Within the plessite regions themselves profiles were obtained 
across the y rims that were present. Figure 101 shows the profile 
across one of the taenite rims in Tawallah Valley.  As can be seen 
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from the figure the taenite has a very flat profile with an average 
Ni content of approximately 52% Ni.  The highest Ni content found 
in these rims was approximately 53% Ni.  Within the duplex a+y 
regions themselves the large y  rods present had compositions 
ranging from 47.5 to 52.7 wt% Ni.  No composition values were 
obtained from the very fine y  rods as they did not extend completely 
through the foil.  A trace  obtained from a Y rim between a duplex 
region with large y  rods and one with fine Y rods in Tawallah 
Valley is shown in Figure 102.  The profile is not flat but 
slopes with the highest Ni content (^52/.) at the interface 
adjacent to the duplex region with the large Y rods. 
The Hoba meteorite did not contain any a platelets in the 
samples that were examined by TEM/STEM.  As a result of this, 
only profiles across the Y rims between the duplex plessite 
regions were obtained.  These profiles are shown in Figures 103 
and 104.  Figure 103 shows the profile obtained across a Y rim 
between a duplex plessite region with large Y rods and one with 
fine y rods.  The maximum Ni content in the taenite was 
approximately 50% Ni at the taenite/large Y rod plessite interface. 
The Ni content decrease towards the very fine decomposed region. 
Figure 104 shows a profile taken from a Y ri™ between the two 
regions of duplex plessite with large Y rods.  An "M" shaped 
profiles is seen to result.  Spot composition readings were obtained 
from the large Y rods in the duplex regions.  These rods had an 
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average composition of approximately 43.6% Ni.  The kamacite matrix 
between these rods had an average Ni content of 4.0% Ni. 
The plessite of the Widmanstatten decomposition group consisted 
of kamacite grains with taenite rims often appearing ribbon-like. 
Composition profiles taken across the y  rims in Arltunga and Nord- 
heim are shown in Figures 105-109.  As can be seen from all of the 
figures, the y   rims in both of these meteorites exhibit "M" shaped 
composition profiles.  The lowest Ni content in the taenite 
corresponds to the martensite found in the center of the taenite 
and is very much less than 25% Ni in most cases.  In Arltunga 
and Nordheim the highest Ni content found in the Y phase does not 
exceed 48% Ni and usually varies between 30 and 40% Ni. 
*F ?e-Ni- Results 
The results from the hL,  .,. factor determination for the 
Te -N l 
Philips EM 400T are shown in the table below: 
5oX Spot 100X Spot 
All oy 
Ni 
n KFe-Ni S n S-e'-Ni ' S 
16. 28% 25 0.84 +0, .02 25 0. ,85 +0. ,02 
29. 15% Ni 25 0.85 +0, .02 25 0, ,86 +0. ,02 
n = number of data points 
S = standard deviation 
All of the data averaged together gave a L  ,. of 0.85 + 0.02. 
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Typical counts obtained for the 29.15% Ni alloy using a lOoX 
spot and a 100 second count time are shown in the table below: 
Fc(CPS) Ni(CPS) K_  ... Fe-Ni 
188.478 66.102 0.85 
Total counts during the 100 second count time are found by multi- 
plying the counts per second (CPS) shown above by the 100 second 
count time. 
At the 95 and 99% confidence levels the K„ „. is ?e-Ni 
50% Spot 100% Spot 
Alloy 
(% Ni)       95% 99% 95% 99% 
16.28    0.84 + 0.0084   0.84 + 0.0114    0.85 + 0.0084  0.85 + 0.0114 
29.15    0.85 + 0.0084   0.85 + 0.0114    0.86 + 0.0084  0.86 + 0.0114 
The above was calculated from 
X ± t (T=) 
•N-I 
where X = average kr factor 
S = standard deviation 
N = no. of measurements <= 25 
t = student t factor at N-l and 95 and 99% confidence levels. 
Averaging all 100 pieces of data together and using the method 
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of large sampling theory 
952 Confidence 99% Confidence 
X + 1.96 o 
0.85 + 1.96 (0.02) 
/lOO 
0.85 + 0.0004 
X + 2.58 o 
'N 
0.85 + 2.58 (0.02) 
/loo 
0.85 + 0.0005 
X = average kr = 0.85 factor 
o = standard deviation = 0.02 
N ■= no. of measurements = 100 
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DISCUSSION 
Interface Measurements 
The results obtained from X-ray microanalysis of the 
meteorite thin foils were subject to some microscope related 
errors.  One of the major advantages of the Philips EM AOOT 
is the ability to go from a TEM image to a STEM image of 
the same area at the touch of a button.  Unfortunately, this is 
not true for magnetic specimens.  The STEM image is not of the same 
area as that seen on the TEM screen.  This problem led to the 
using the STEM imaging mode to find suitable areas tor micro- 
analysis.  STEM imaging of magnetic foils is adequate but some of 
the fine image details are lost.  Before any microanalyses was 
obtained across an interface, the orientation of the interface tof 
the beam was established.  This is done by observing if fringes are 
present at the Interface under two beam dilfracting conditions. 
If fringes are present, the interface is inclined to the beam. 
If no fringes are present the interface is approximately parallel 
to the electron beam.  Because the foils were magnetic the STEM 
imaging mode was used.  Unfortunately, it was not possible, in 
most cases, to focus the STEM image well enough to view the presence 
or absence of fringes at interfaces. 
Vvhether or not an interface is slanted with respect to the 
electron beam is not very important in the TEM images of micro- 
structure.  However, the orientation of the interface is very 
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important when X-ray chemical analyses are obtained across the 
interface between two phases.  A composition profile obtained 
across two phases with different compositions should show a 
sharp concentration discontinuity at the interface if the inter- 
face is parallel to the beam. 
Figure 110a shows an interface that is parallel to the beam in 
a TEM thin foil.  An example of the actual composition profile is 
shown in Figure 110b.  If the profile was obtained by STEM X-ray 
microanalysis, and a step size was chosen such that the beam fell 
directly on the interface at one point, then a distinct composition 
profile would be obtained as in Figure 110c.  Since the beam 
sampled both phases at the interface an average composition is 
obtained.  The position of the interface is marked by the vertical 
line through this average composition.  If the step size was 
chosen so that the beam did not fall on the interface, the position 
of the interface is taken to be halfway between the last composition 
value of phase A and the first value of phase B.  This is shown 
in Figure HOd. 
If the interface is slanted with respect  to the beam, the 
interface will not appear sharp in the composition profile obtained 
from  STEM X-ray microanalysis.  A slanted interface is shown in 
Figure Ilia.  A STEM composition profile obtained from a slanted 
interface is shown in Figure 111b. As can be seen from the figure, 
a smeared composition profile results from the beam sampling diff- 
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erent amounts of each phase as the interface is crossed. 
The composition profiles obtained from the Widmanstatten 
a platelets in the Tawallah Valley meteorite (Figures 99 and 100) 
show that there are two interface composition values.  This could 
indicate a slight tilt to the interface or another microscope 
related problem:  specimen drift.  Specimen drift was found to 
occur in varying degrees with every foil examined in the STEM. 
The cause of the specimen drift is not known.  Reclamping of the 
specimen in the STEM holder helped to minimize the.drift but it 
did not stop the drifting completely.   The amount of specimen 
drift was the largest at the beginning of a session and decreased 
during the session. This observation seems to indicate that the 
specimen drift was the cause of the composition variation.  Specimen 
drift may be associated with the microscope's cold finger, a liquid 
nitrogen cooled ring surrounding the sample holder.  The sample is 
cooled by liquid nitrogen so that any beam-borne contaminents will 
condense on the cold finger instead of the sample.  The reservoir 
of liquid nitrogen is outside of the microscope and is filled at the 
start of each session.  It was noticed that right after the liquid 
nitrogen reservoir was filled specimen drift was at its maximum. 
During the 100 sec. count time the drift rate was approximately 
30O-4O0A for the maximum drift.  Thus a 20A beam would be sampling 
more than a 20A area.  If the drift direction was parallel to the 
interface the composition data would not be affected.  However, if 
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the drift direction was perpendicular to the interface the composition 
profile could be affected.  This is especially true at the inter- 
face where a beam that is placed close to the interface on one 
phase drifts across the interface and samples the other phase. 
Another indication that the cold finger caused specimen drift was 
found when the dewar containing liquid N„ was removed from the cold 
finger.  As the cold finger warmed to room temperature, the drift 
rate increased noticeably. 
Fortunately the drift rate decreased to tolerable levels 
after the cold finger had completely chilled.  The specimen drift 
did not completely disappear but could be compensated for by the 
use of the specimen traverses.  When a suitable area for X-ray 
tnicroanalysis was found a line was drawn on the STEM CRT screen 
across the interface and perpendicular to it.  Step distances were 
marked off on this line as well as the outline of the two inter- 
faces.  If the slightest specimen drift occurred the outline of 
interface would not lie on top of the interface image.  The 
specimen traverses would then be used to reposition the sample 
so that the interface image and the outline coincided.  Normally 
this repositioning was not required as the drift rate decreased 
to approximately 200A in 10 minutes of microanalysis after the 
cold finger was sufficiently chilled. 
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X-ray Analysis 
The composition data from the low nickel kamacite may be 
affected by absorption.  During an investigation of the effect of 
tilting on the Bremstrahlung interaction with the sample, a foil 
from Tawallah Valley was used.  Thickness measurements on the foil 
o 
showed that the plessite region examined was 3200A thick.  This foil 
thickness violates the thin film criterion for Fe-5% Ni of 2900A1. 
However, the 50% Ni taenite in the same region was still "infinitely" 
thin.  Although the area was still electron transparent, a slight 
absorption correction should have been applied to the kamacite 
composition data.  The absorption correction amounted to a decrease 
in K„ ... of about 10%.  The corrected K_ .,, yields -a  composition I-e-Ni Te-Ni 
values 10% higher than those plotted in Figures 99 through 109. 
In other words the correct a composition values probably are 
indicated by the tops of the +10% error bars in each figure. 
o 
As most of the regions examined in STEM were <_J200A the correct 
composition values are probably indicated for the taenite but 
care must be taken when drawing conclusions from the kamacite data. 
The K_ v,. factor was determined for the EM 400 to be 0.85 + Te-Ni — 
0.0084 at the 95% confidence level and 0.85 + 0.0114 at the 99% 
confidence level.  The hL, ... for the EM 300 was determined by 
Te-Ni 
Romig to be 0.88 + 0.05 at the 99% confidence level and 
0.88 + 0.04 at the 95% confidence level.  The K_, .,. factor is 
— Te-Ni 
not dependent on composition and should not vary from instrument to 
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instrument.  Romig's results and those from this investigation 
agree. 
In order to check the SWTHIN program on the EDAX 9100, Romig's 
method for determining the K„ %,. factor was employed.  His method 
re-Ni 
set "windows" within the peaks from which the intensity is determined, 
The number of channels in each window is determined by multiplying 
the number of channels in the full width of the peak at half the 
maximum peak intensity by 1.22.  The area under the peak in this 
window is the intensity of the peak.  The intensity of the back- 
ground is determined by setting a window in the background adjacent 
to the peak with the same number of channels.  The background 
intensity is then subtracted from the peak intensity to give 
the corrected intensity for the element.  Using this method, the 
K_ ... factor was found to be 0.85 + 0.0004 at the 95% confidence Te-Ni •      — 
level and 0.85 + 0.0005 at the 992 confidence level.  Thus the 
two methods for determining K„ ... agree. 
r e—Ni 
The errors associated with each data point in the SEM profiles 
are +10% rel.  This error was assigned to the data for several 
reasons.  At low Ni contents absorption may have affected the 
data.  Specimen drift and other machine related problems could 
affect the results.  In addition, steps taken to minimize spurious 
X-rays such as the thick aperture may not have been totally success- 
ful.  All of these unknowns made it difficult to believe that the 
error associated with the composition data was less than +10% rel. 
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Estherville 
The results from the investigation of the Estherville 
meteorite indicate that the cloudy zone is more complex than 
previously thought.  The bcc phase which was believed to be 
low nickel kamacite is martensite containing °^237.  Ni.  The lath- 
like nature of the martensite is best seen in Figure 27.  Figures 
22 and 23 are STEM profiles taken from the cloudy zone and the clear 
taenite adjacent to the cloudy zone contains ordered taenite. 
The evidence for the ordering in the clear taenite is shown in 
the diffraction patterns in Figures 28-32.  Microdiffraction 
patterns from ordered y  crystallites in the cloudy zone are 
shown in Figures 34 and 35.  The fact that ordered taenite and 
martensite are present in the cloudy zone allows an explanation, 
to be proposed for the formation of the cloudy zone during slow 
cooling. 
The formation of the cloudy zone can be explained by adding 
an ordering reaction at 50% Ni to the Fe-Ni phase diagram.  Albert- 
(28) 
sen, et al.    proposed a phase diagram of this type based upon 
their Mossbauer examination of taenite.  Their phase diagram is 
shown in Figure 112a.  The results of their Mossbauer investigation 
showed that the cloudy zone consisted of disordered and ordered 
taenite.  The disordered taenite has a composition of less than 
25% Ni while the ordered taenite contains approximately 50% Ni. 
This current investigation has shown that martensite is 
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present in the cloudy zone instead of disordered taenite.  The 
presence of martensite in the cloudy zone can be explained by the 
phase diagram in Figure 112b.  In this schematic phase diagram 
an order-disorder reaction is again present at 50% Ni.  However, 
at some temperature the composition of the disordered taenite 
falls below the martensite start composition for that temperature. 
The disordered taenite then transforms to martensite.  This phase 
diagram differs from that of Albertsen, et al. chiefly in the 
addition of the martensite start temperature line and the some- 
what wider two phase disordered and ordered region. 
The formation of the cloudy zone in Estherville can be explained 
by examining the taenite as it slow cools.  As the taenite cools 
the Widmanstatten a plates precipitate.  The remaining taenite 
becomes enriched in Ni as the temperature is further decreased. 
After some time the "M" shaped composition profile is developed 
within the taenite.  In the Estherville section examined in this 
investigation, the microprobe examination showed that the lowest 
Ni content in the center of the taenite was ^30X Ni.  The Ni 
content gradually increased as the edge of the specimen was approached. 
The highest Ni content found was ^522 Ni.  Thus, the taenite had 
Ni content varying between ^30 and ^50% Ni.  As the taenite 
cooled through the critical ordering temperature of 320 C the 
formation of the cloudy zone occurred as a result of ordering within 
the taenite.  As can be seen from the phase diagram in Figure 112b, 
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taenitc containing from 48-52% Ni would be in the single phase 
ordered region of the diagram.  The remainder of the taenitc 
containing from 30-45% Ni would be in the two phase order y  + 
disordered y   region of the phase diagram.  Thus this taenitc 
would transform to a two phase mixture of disordered and ordered 
taenite.   As Estherville cooled further the composition of the 
disordered taenite fell below the Ms line and the disordered 
taenite transformed to martensite.  Thus the cloudy zone structure 
was ordered taenite and martensite while the rim of clear taenite 
was ordered taenite. 
The lack of martensite in the Mossbauer study was noted by 
(2H) 
Albertsen, et al.     They proposed that martensite formation was 
the result of the preparation technique for making thin foils for 
TEM.  Mossbauer spectroscopy uses bulk samples with very little 
sample preparation.  When TEM foils are made much of the bulk 
material is removed.  Albertsen, et al. proposed that the removal 
of the bulk material released the constraining stresses which 
had prevented the disordered taenite from transforming to martensite, 
Consequently the disordered taenite transformed to bec martensite 
in the TEM foils.  This proposal was also used by Albertsen, 
(5) (2 3) 
et al, to explain the results found by Scott   and Lin, et al.  ' 
Albertsen, et al.    also used X-ray diffraction to examine 
the taenite.  Using CoK radiation, they obtained X-ray diffraction 
patterns from the taenite lamellae.  Their patterns contained only 
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the fee taenite lines and weak LI  superlattice reflections. 
o 
Scott's paper on the cloudy zone in Estherville (see ref. 5) 
also contained X-ray diffraction data.  Scott had scratched 
grains of the cloudy zone out of the Estherville taenite and 
used these grains to obtain Debye-Scherer powder diffraction 
patterns.  His result? had clearly shown the bec and fee phases. 
It could be argued that the mechanical deformation caused by 
Scott scratching the grains out effected the martensite trans- 
formation of the disordered taenite.  This would account for the 
bee lines in the powder X-ray pattern. 
The martensite found in this investigation could have formed 
during the specimen preparation process.  This is indeed possible 
considering that the sample was thinned by jet polishing tor 
approximately 2 minutes with a solution that was at a temperature 
of approximately -30 to -40 C.  However, another explanation 
for the discrepancies between the TEM and Mossbauer results 
can be proposed.  Again consider the phase diagram in Figure 112b. 
If the three meteorites examined by Albertsen, et al.    had slow 
cooled to a temperature below the ordering temperature of 320 C 
but above the temperature where the Ms line and the disordered y 
lines cross, the taenite containing 30-40% Ni would be in the two 
phase ordered y +  disordered y  region.  This taenite would transform 
to a cloudy zone structure consisting of a honeycombe mixture of 
disordered and ordered taenite.  If the cooling rates of these 
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three meteorites were such that this structure was quenched in, 
then the cloudy zone structure found in the investigation of 
Albertsen, et al. would indeed be ordered and disordered taenite. 
The Estherville meteorite may have had a much slower cooling rate 
than any of the three meteorites examined by Albertsen, et al. 
As Estherville slow cooled, the composition ot the disordered 
taenite fell below the composition of the Ms line in Figure 112b 
and as a result of the disordered taenite transformed to marten- 
site.  The cloudy zone of Estherville would consist of ordered 
Y and martensite. 
Sample preparation did not appear to play a role in the forma- 
(y) tion of martensite in this investigation.  When Romig   determined 
the Fe-Ni phase diagram at 300 C by AEM he jet polished two phase 
(a + y) samples.  His jet polishing technique was virtually 
identical to the one employed in this investigation.  He did not 
report finding martensite in his sample.  For example, to determine 
the  a + y/y solubility limit at 600 C, Romig made Fe-Ni alloys 
with bulk compositions of 11.9 and 15.2 wt% Ni.  These alloys 
were austenitized, then quenched in liquid N~ to completely 
transform them to martensite.  The martensitic samples were then 
annealed for 127 days at 600 C.  After cooling Romig made TEM 
samples from the alloys.  He determined the equilibrium composition 
of the y rods to be 20.2 wt% Ni and reported that the foils con- 
sisted of only a and y phases.  The martensite start temperature for 
62 
the 20.2 vt7.  Ni taenito is approximately 200 C.  If sample 
preparation caused martensite to form it would have been evident 
in Romig's samples.  Since the 23% Ni martensite found in this 
investigation (with an Ms of M.50 C) is similar in composition 
to Romig's taenite it can be assumed that the sample preparation 
was not the cause of the martensite transformation. 
Any doubt that still remains about the effect of sample 
preparation on the microstructure of the cloudy zone can be 
resolved by two experiments.  One experiment would involve the 
examination of a taenite lamellae by Mossbauer spectroscopy 
and then making that sample into a TEM thin foil.  Any transfor- 
mations caused by sample preparation would be obvious.  The other 
experiment would only involve Mossbauer examination of a taenite 
lamellae from Estherville that is known to contain the cloudy zone. 
If only ordered and disordered taenite are found then sample 
preparation of TEM toils would seem to be the cause of the 
martensite in the cloudy zone. 
In summary, the results from the investigation of Albertsen, 
et al. and the results from this investigation are both explained 
by the schematic phase diagram in Figure 112b.  The different 
cooling rates of meteorites are probably responsible for the 
two versions of the cloudy zone that were observed. 
The ordered taenite in the cloudy zone and the clear taenite 
is in the form of small (^20^) regions.  The small ordered regions 
63 
in clear tncnite are shown in Figure 23b and the cloudy zone 
in Figures 26c and 27c.  This result is in contradiction to 
the large ordered domains found in the investigation of 
Estherville by Mehta, et al.    These small ordered crystallites 
may be the result of a slight reheating event.  If the meteorite 
were heated above the critical ordering temperature 320 C but 
below the autensite (taenite) start temperature for the 237, 
Ni martensite ("--570 C) , the ordered phase would disorder without 
the martensite transforming to taenite.  Subsequent slow 
cooling below 320 C would result in the homogeneous nucleation 
of small ordered crystallites within the cloudy zone taenite and 
the clear taenite.  If the meteorite were then rapidly cooled 
to room temperature the small ordered nuclei would be quenched in. 
The structure would then appear as it was found in this investiga- 
tion. 
Why two samples from the same meteorite show different versions 
of ordering is not known.  Perhaps this difference is due to the 
nature of the taenite examined in each investigation.  The taenite 
grain examined in the investigation by Mehta, et al. was entirely 
clear taenite.  It had a composition of 50 + 2% Ni.  No cloudy 
zone was encountered in that investigation.  The taenite lamellae 
examined in this investigation had clear taenite rinis with cloudy 
zone in the center of the taenite.  The different natures of the 
taenite regions could be the cause of the discrepancies between the 
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two sets of data. 
One point that is not clear from this investigation is the 
nature of taenitc between the small ordered regions.   Whether 
the taenite between the ordered regions is another ordered variant 
or in disordered taenitc has been a matter of controversy.  Mehta, 
et al. 's   investigation proposed regions of order surrounded by 
(27) disorder.  Scott and Clarke    insist that their optical investi- 
gation of ordering in meteorites showed that no disordered taenite 
was present.  They attributed the anisotropic constrast of the 
taenite (during polarized light examination) to the different 
ordered variants being adjacent to each other.  They argued that 
if disordered regions were present with the ordered taenite the 
anisotropic contrast would not be present.  Danon    did some 
further Mossbauer work on the Appley Bridge meteorite to determine 
the nature of ordering.  His investigation showed the presence 
of disordered taenite within the ordered taenite regions. 
Centered dark field images in this investigation obtained from 
the superlattice reflections show very small regions of order 
within the taenite.  These images are very similar to those obtained 
by Allen and Calm    in their investigation of ordering in the 
Fe-Al system.  They found that close to the ordering temperature 
(+4°K) in Fe-23% Al alloys TEM images could be obtained of the 
critical fluctuations in structure during the early stages of FeAl 
ordering.  These images were of small ordered nuclei in the disordered 
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matrix.  In addition, the APBs that were present were coated with 
a layer of the disordered phase ^10 run thick.  Because of the 
similar nature of the ordering the images of the ordered taenite 
in the cloudy zone indicate that they also are ordered regions in 
a disordered matrix. 
One result that is puzzling is that centered dark field 
images obtained from both the fundamental fee spot and the 
superlattice spot showed the small particles in the taenite 
(see Figures 33, 36 and 37).  If a material ordered with 
no change in crystal structure dark field images obtained from 
fundamental spots will not show APBs or other indications of 
(4 7) 
ordering.     This is because both the ordered and disordered 
phases have the same crystal structures.  Only centered dark 
field images from the superlattice spots will exhibit APBs. 
In this investigation, although the ordered phase is slightly 
tetragonal, it was expected that the particulate nature of the 
ordered phase would disappear when C.D.F. images were obtained 
from the fundamental spots.  The fact that the fundamental 
spot C.D.F. images showed the small particles indicates that 
perhaps  some structural damage occurred during sample prepara- 
tion.  The ion beam thinners could have introduced damage into 
the sample.  This damage could be the cause of the structures 
observed in centered dark field images from the fundamental spot. 
The single crystal nature of the cloudy zone was again shown 
66 
in this investigation.  The Estherville results show that all 
the taenite crystallites in the cloudy zone appear to have the 
same orientation and also the same orderinp, variant.  These results 
are shown in Figure 38.  This reinforces the vcw that the taenite 
in the cloudy zone all had the same starting material.  The 
clear taenite adjacent to the cloudy zone has the same orientation 
as the taenite within the cloudy zone.  This is shown in Figure 39. 
This indicates that the taenite is continuous Irom the outside of 
the lamellae through the cloudy zone. 
The fact that all the taenite possesses the same orientation 
indicates that the cloudy zone formed during slow cooling.  It 
also reinforces the conclusion drawn in this investigation that 
the cloudy zone formed by the order-disorder transformation. 
One would not expect any visible change in the orientation of 
fundamental spots due to the ordering reaction. 
Ataxites 
As was described in the results section, the eight ataxites 
that were examined fall into two microstructural groups.  These 
two microstructure groups are the result of two different types 
of cooling.  The Widmanstatten decomposition group (9.9-11.7% Ni) 
has a microstructure indicative of fast cooling while the martensite 
decomposition group (16.3-17.72 Ni) has a slower cooled microstructure. 
Arltunga, Guffey and Nordhetm make up the Widmanstatten decomposition 
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group while Tawallah Valley, Hoba, Weaver Mts., Chinga, and Cape of 
Good Hope are part of the martenslte decomposition group. 
Arltunga is the only member of the Widmanstatten group to 
have been assigned a cooling rate.  However, because the 
microstructures of Guffcy and Nordheim are very similar to the micro- 
structure of Arltunga it can be assumed that they have cooling 
rates in the range of 500 C/10 yrs.  The best indicator of this 
fast cooled microstructure is the martensite in the center of the 
taenite lamellae and the very steep "M" shaped composition profiles 
across the taenite.  The martensite was found in the SEM examination 
of Arltunga (Figure 44) and Gaffey (Figure 52).  TEM examination 
of Nordheim showed that it also had martensite in the center. 
Figures 86-91 show the martensite in the center of taenite in 
Arltunga.  Figures 92-95 show the martensite in Nordheim.  The 
"M" shaped composition profiles are shown in Figures 105-107 for 
Arltunga and in Figures 108-109 for Nordheim. 
The taenite ribbons are the remnants of the original taenite 
that underwent the y  -*• a+y  Widmanstatten reaction.  As the a 
nucleated and grew it rejected the excess Ni back into the taenite. 
Because of the very fast cooling rate diffusion could not act 
to redistribute the Ni within the taenite.  As a result,the very 
steep "M" shaped composition profile was retained.  The center of 
the taenite with ^25% Ni was so far away from equilibrium that it 
underwent the transformation to martensite. 
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The interface composition values of the taenito in the 
Widmanstatten decomposition group varied from ^30- 48% Ni. 
These Ni contents indicate that the meteorites cooled so rapidly 
that equilibrium cooling stopped at a  high temperature. 
From the phase diagram in Figure 3   these compositions indicate 
that the final temperatures the meteorites experienced under 
equilibrium cooling was in the range ^350-500 C.  These tempera- 
tures are too high to expect to find any ordered taenite since the 
ordering reaction occurs at ^320 C.  If the cloudy zone is believed 
to be a product of the ordering reaction one would not expect 
to find the cloudy zone in any of these meteorites.  No ordered 
taenite or cloudy zone was found in the three meteorites examined 
in the Widmanstatten decomposition group. 
The structure of the martensite within the taenite appeared 
lathlike with a heavy dislocation density.  The composition of the 
martensite was %23% Ni and thus falls within the composition 
range (>252 Ni) that Speich and Swann *       list for lath martensite. 
The five meteorites in the martensite decomposition group 
(Tawallah Valley, Hoba, Weaver Mts., Chinga, and Cape of Good 
Hope) have microstructures which are characterized by the very 
fine plessite and the Widmanstatten a platelets.  Examples of the 
plessite structure are shown in the SEM micrographs in Figures 47, 
51, 54, 58, and 62 for Tawallah Valley, Hoba, Weaver Mts., Chinga, 
and Cape of Good Hope, respectively.  In many respects their plessite 
69 
(2) 
microstructure is very similar to that of the Carlton meteorite. 
The martensite decomposition group has this type of microstructure 
because the slower cooling rates that the meteorites in this group 
experienced which allow martensite to form and then decompose. 
The five meteorites studied in this group had published cooling 
rates <_25 C 10 yrs.  These slower cooling rates gave rise to 
shallower Ni gradients in the clear taenite surrounding the 
Widmanstatten a platelets and virtually no gradients in taenite 
rims of the prior martensite lattice within the plessite. 
Examples of the shallow gradient in the Y rims surrounding o platelets 
in Tawallah Valley are shown in Figures 99 and 100.  A Y rim in 
the plessite of Tawallah Valley showing no gradient is in Figure 101. 
The gradients found in Y rims in Hoba (Figures 102-104) are steeper 
than those found in the Y rims  in the plessite of Tawallah Valley. 
This indicates that Hoba may have cooled faster than Tawallah 
Valley.  However, Table 2 shows that Tawallah Valley cooled faster 
than Hoba.  The high Ni contents (48-50% Ni) found in the taenite 
indicate that the meteorites cooled much slower than the Widman- 
statten decomposition group. 
The composition data indicates that these meteorites should 
possess ordered taenite and cloudy zone.  The lack of both ordered 
taenite and the cloudy zone is clearly contrary to this conclusion. 
Possibly these meteorites were reheated.  However, the meteorites 
must have been reheated late in their cooling history because of 
70 
the taenite Ni contents are still high.  The reheating must have 
been brief since no evidence was found for any dissolution of 
the a or Y phases.  If the phases had been reheated for a long 
enough time any composition profile obtained across an a/y inter- 
face would not be sharp.  Diffusion down a composition gradient 
would cause a "rounding off" of the profile.  However, the reheating 
must have been long enough to cause the disappearance of the cloudy 
zone and the disordering of the ordered taenite.  This reheating 
event was probably followed by a rapid cooling to "quench-in" 
the structure that was observed in this investigation.  Jago's 
(31) 
results from Tawallah Valley reinforced the reheating theory. 
All five of the meteorites examined appear to have been 
reheated.  SEM examination of the five also failed to reveal the 
presence of the cloudy zone.  As the cloudy zone is sensitive to 
reheating, the lack of cloudy zone in these five meteorites 
indicates that they probably have been reheated. 
No conclusions can be drawn about the relationship between 
phosphorus content and a platelets in the five meteorites of the 
martensite decomposition group.  The amount of each meteorite 
received for examination was very small (^4 gs.) and the sections 
were probably not representative of the structure of the meteorite. 
The phosphorus contents of the five meteorites (see Table 1) were 
roughly the same, varying from .05-.12 wt% P.  Sample sectioning 
was probably responsible for the difference in the number of a 
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platelets observed. 
a Decomposition 
The retrograde a/a+y solvus line in the Fe-Ni binary system 
allows for the possibility of a supersaturated a phase decomposing 
at low temperature to a+Y.  During this investigation, it was 
hoped that this decomposition might be observed.  The Nordheim 
meteorite was chosen to be examined for this kamacite decomposition 
because of its large amounts of kamacite.  A zone axis pattern 
from the kamacite is shown in Figure 113.  The pattern shows a 
bec pattern and an fee pattern that appears to be ordered.  This 
pattern shows the reflections of an fee oxide that formed on the 
kamacite in the TEM thin foil.  The oxide was a spinel that preci- 
pitated out on the surface of a thin film. 
This type ot oxide growth on bec Fe-Ni thin films was investi- 
gated by Chen and Morris.*     Their investigation showed that 
this oxide formed very rapidly on the thin film.  Its formation 
was so rapid that it formed on the film in the time it took to 
load the sample holder and insert it in the microscope. 
Spots due to double diffraction are found in the diffraction 
pattern in Figure 113.  These spots arise because the oxide forms 
(4 7) 
a film on the kamacite.  Double diffraction    is a process where 
the diffracted beams from one phase act as incident beams for 
the underlying phase.  The many incident beams are diffracted 
*Thanks are due to G. Thomas for pointing out this paper, 
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once again by the underlying phases.  This results in extra spots. 
It is important to note that the oxide forms only on the bcc 
phase.  The fee taenite that is present as clear taenite for example 
would not have any oxide on it.  Thus any extra spots which were 
present in taenite patterns could be indexed as being associated 
with the taenite and not being from any fee oxide. 
Any evidence for the decomposition of kamacite at low tempera- 
tures to a + ywould be difficult to find in a kamacite diffraction 
pattern because of the oxide layer that forms on the foil.  Although 
the fee oxide spots and the fee taenite spots do not overlap the 
intensity of the taenite spots would be very weak.  The weak 
intensity of the taenite spots is due to the low temperature 
decomposition.  Because the temperature is so low diffusion is 
slow.  Thus the taenite precipitates would probably be very small 
and few in number.  These few precipitates would not diffract 
as strongly as the oxide layer.  The intensity of an oxide spot 
would probably mask the presence of a weak taenite spot  close to 
it.  It would be impossible to tell if the taenite precipitates 
is ordered because the superlattice spots are less intense than 
the taenite spots. 
Until a method can be found to stop the oxide layer from 
forming on the TEM foil efforts to find a decomposition will be 
hindered. 
In retrospect, the choice of Nordheim for the study of a 
decomposition may not have been the best.  Since STEM microanalysas 
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indicated Chat the meteorite had cooled rapidly, equilibrium 
cooling in the kamacite may have stopped prior to the temperature 
on the phase diagram where the a/a+y  solvus line bends back on 
itself.  Thus the kamacite in Nordhcim might not have had a chance 
to decompose.  A meteorite with a slow cooling rate such as 
Estherville or Carlton might be better suited for this type of 
investigation if the oxide problem can be overcome. 
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SUMMARY 
This investigation examined meteorites from the iron and 
stony iron groups by various electron optical techniques.  The 
iron meteorites examined were all from the ataxite group.  The 
eight ataxites were Arltunga, Nordheim, Gaffey, Tawallah Valley, 
Hoba, Weaver Mts., Giinga, and Cape of Good Hope.  The mesosiderite 
Esthcrville was the stony iron examined. 
Scanning electron microscopy of the ataxites showed that the 
ataxites could be divided into two groups based upon microstructure. 
The two groups can be called the Widmanstatten decomposition group 
and the martensite decomposition group.  The Widmanstatten 
decomposition group contains the meteorites Arltunga, Nordheim, 
and Gaffey whose plessitic mlcrostructures exhibit a fast cooled 
y  -*■ U+Y plcssite.  The martensite decomposition group contains the 
meteorites Tawallah Valley, Hoba, Weaver Mts., Chinga, and Cape 
of Good Hope.  The microstructure of this group consists of a 
platelets in a dense plessite matrix which was the result of the 
slow cooling martensite reaction, y "*" a2 "* a+y.  The microstructure 
of the meteorites within each group was similar.  The Widmanstatten 
decomposition group had plessite which consisted of a grains with 
ribbon-like rims of y.     Within the center of the taenite martensite 
was seen to have formed.  The martensite decomposition plessite 
consisted of very fine taenite rods in an a matrix surrounded by 
taenite rims.  The taenite rims outlined the prior martensite 
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platelets. The different microstructurcs in the two groups are a 
direct result of the differences in cooling rates between the two 
groups. 
Transmission electron microscopy of the ataxites confirmed 
the SEM microstructure results.  TEM, like the SEM,failed to find 
any cloudy zone in the ataxites.  In addition, no ordered taenite 
was found. 
Analytical Electron Microscopy established the compositions 
of the phases within the plessite of the meteorites of each group. 
In the Widmanctatten decomposition group, Arltunga and Nordheim 
were examined by AEM.  Very steep "M" shaped profiles indicative 
of fast cooling were found in the taenite.  The clear taenite 
had compositions that varied from %30-A,40% Ni while the martensite 
in the center of the taenite had Ni contents less than 25% Ni. 
Tawallah Valley and Hoba from the martensite decomposition group 
were examined by AEM.  The taenite rims surrounding the a  platelets 
had high (^,50% Ni) Ni contents at the Widmanstatten a/y interface 
and a shallow Ni gradient.  Taenite rods within the plessite had 
compositions of %50% Ni. 
Structural and composition data obtained from the ataxites 
allow the explanation of some of the thermal history of these 
meteorites.  The high Ni contents found in the taenite of the mar- 
tensite decomposition group indicate that ordered taenite should be 
present in these meteorites.  Structural examination by TEM and SEM 
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showed that neither ordered taenite or cloudy zone was present in the 
meteorite.  These two pieces of data indicate that the martensite 
decomposition group probably experienced a reheating event that 
caused the disappearance of the cloudy zone.  The lower Ni contents 
in the taenite of the Widmanstatten decomposition group and the 
steep "M" profiles in the taenite indicate that these meteorites were 
fast cooled.  Equilibrium cooling appears to have stopped in these 
meteorites before the critical ordering temperature (320 C) was 
reached.  This fast cooling explains the lack of ordered taenite and 
cloudy zone in the meteorites and also the presence of martensite 
in the center of the taenite in the Widmanstatten decomposition 
group. 
SEM examination of the mesosiderite Estherville showed that 
it contained a region of taenite that possessed the cloudy zone. 
Microprobe examination of this area showed that the clear taenite 
had a composition ranging from ^-38 to ^-42% Ni.  This area was 
subsequently made into a disc for TEM and AEM examination.  TEN 
examination of the cloudy zone showed that it consisted of ordered 
taenite and martensite.  The adjacent clear taenite was also 
ordered.  Analytical Electron Microscopy confirmed the composition 
of the ordered taenite to be ^47% Ni and established the composition 
of the martensite at ^23/» Ni.  The continuous single crystal nature 
of the ordered taenite from the clear taenite through the cloudy zone 
confirmed the hypothesis that the cloudy zone formed during slow 
cooling. 
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Th^ formation of the cloudy zone during slow cooling can 
be explained by the addition of an ordering reaction at 50% Ni. 
Although this type of ordering reaction had been postulated by 
Albertsen, et al., they had failed to take into account the effect 
of the M line on the microstructure that was present.  The phase 
diagram proposed in the current investigation utilizes the 
M line and the ordering reaction to explain the data of Albertsen, 
et al. and the current Estherville data.  The data of Albertsen, 
et al. indicated that the cloudy zone consisted of ordered and 
disordered taenite in the meteorites they examined.  The current 
investigation of Estherville showed that its cloudy zone consisted 
of ordered taenite and martensite.  The phase diagram proposed in 
the current investigation showed that different cooling rates can 
lead to different structures in the cloudy zone.  A relatively 
fast cooling meteorite would have a cloudy zone consisting of 
ordered and disordered taenite while a slow cooling meteorite would 
have a cloudy zone consisting of ordered taenite and martensite. 
The martensite in the cloudy zone was the result of the composition 
of the disordered taenite falling below the M line.  Thus, the 
cloudy zone is the result of slow cooling the meteoritic taenite 
through the order-disorder region of the phase diagram. 
This investigation was the first large scale investigation of 
ataxites undertaken.  Much of the data obtained is basic, but the 
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data fills a gap  in the knowledge of iron meteorites that has 
existed for a long time.  The grouping of the ataxites into two 
microstructure groups based upon cooling rates is the first 
step towards understanding the thermal history of the ataxites. 
The results of Esthcrville examination have led to the first 
explanation of cloudy zone formation based upon experimental data, 
Since data from this investigation and the investigation of 
Albertsen, et al. are explained by the ordering reaction and 
the M line, it is reasonable to expect that this theory will 
apply to other cloudy zone containing meteorites. 
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TABLE 1 
Comparison of Structural and Chemical Classes 
H IIA 
Ogc IIB 
Og I, HIE 
Om IIIA, II1B, IID 
Of 1VA;   IIIC 
Off HID 
Opl IIC 
D IVB 
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TABLE 2 
Ataxltes Investigated in This Study 
Meteorite 
Chemical 
USNM// Group Ni(wtZ)       Co(wt%)     P(vt%) 
Arltunga 2467 Anora. 9.91 0.63 0.24 
Gaffey 4832 Anom. 10.3 0.55 0.02 
Nordheim 3190 Anom. 11.67 0.51 0.04 
Cape of  Good  Hope 2706 IVB 16.32 0.84 0.12 
Hoba 3390 IVB 16.4 0.76 M).07 
Chinga 1585 IVB 16.58 0.55 0.05 
Tawallah Valley 1458 IVB 17.6 0.69 M).l 
Weaver  Mts. 1624 IVB 17.72 0.82 0.10 
Cooling 
Rate 
S(wt%) Ga(ppm) Ge(ppm) Ir(ppm) (°C/10 yr.) 
Arltunga 
Gaffey 
Nordheim 
Cape of Good Hope 
Hoba 
Chinga 
Tawallah Valley 
Weaver Mts. 
0.92 74 
0.15 
0.55 
0.20 
0.19 
0.18 
0.25 
0.21 
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0.08 
0.64 
0.06 
0.035 
0.08 
0.07 
0.05 
17 
5.0 
11 
36 
27 
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Figure 1.  Log-log plot of gallium vs. nickel.  The chemical 
groupings of the iron meteorites are shown. 
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Figure 2,  Log-log plot of germanium vs. nickel, 
similar groupings as in Figure 1. 
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82 
■ 00 
too - 
«00 
JOO - 
10 ZO SO 40 
WtiCt'T   PCKCtNT   Nl 
30 
Figure 3.  Fe-Ni and Fe-Ni(P) Phase Diagrams, 
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Figure 4.  Austenite start and martensite start temperatures 
for the Fe-Ni binary system. 
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Figure 5.  M-shaped composition profile across a kamacite- 
taenite-plessite-taenite-kamacite region. 
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Figure 6.  Schematic composition profiles of plessite formation. 
a)  Y '*■ a+Y b) Y •* ^2 "* Q+Y 
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Figure 7.  Light photomicrograph of the cloudy zone in a taenite 
lamellae in Estherville. 
0.1 M"! 
Figure 8.  TEM bright field photomicrograph of the cloudy zone 
in Carlton. 
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Figure 9.     Schematic  ray diafiram of  a TEM/STEM. 
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Rapid method for determining the cooling rates of 
iron meteorites. 
Figure 11. Light photomicrograph of taenite (T) finger in 
kamacite (K) matrix.  2~ Nital etch. 
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Figure 12, 
Figure 13. 
2J)/*m 
Light photomicrograph of cloudy zone (C.Z.)  with 
its rim of clar taenite (C.T.). 27.  Nital etch. 
Microprobe trace (black dots) across area to be made 
into TEM/STEM disc. Polarized light reveals ordered 
taenite as regions of light and dark contrast within 
the clear taenite.  Unetched.  Polarized light. 
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Figure 14. SEM photomicrograph of taenite finger.  Note 
veinlike network within the cloudy zone.  2% Nltal 
etch. 
Figure 15. SEM photomicrograph of cloudy zone in Estherville, 
A vein of taenite is seen as well as the expected 
honeycomb structure.  The kamacite appears as the 
etched out phase.  2% Nital etch. 
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Figure 16. SEM photomicrograph of Estherville cloudy zone 
near clear taenite. 27.  Nital etch. 
Figure 17. SEM photomicrograph of Estherville cloudy zone. 
Taenite crystallites can be seen starting to coalesce 
at several locations.  2% Nital etch. 
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Figure 18.  SEM photomicrograph of taenite finger in cloudy zone, 
Note how some taenite crystallites appear to have 
coalesced or grown together.  2% Nital etch. 
0. 5mm S*v 
Figure 19- SEM photomicrograph showing region of Estherville 
sample that was spark machined into 3 nm rod. 
2% Nital. 
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Figure 20.  Composition profile obtained from the microprobe 
trace across the taenite shown in Figure 13. 
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Figure 21.  Composition profile obtained from STEM trace 
across the Widmanstatten a/clear taenite 
interface in Estherville. 
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Figure 22.  Composition profile obtained from STEM 
trace across the clear taenite/cloudy zone 
interface. 
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Figure 23.  Composition profile obtained from STEM 
trace across a single y  crystallite bordered 
by martensite within the cloudy zone. 
96 
Figure 24.  TEM bright field image of cloudy zone in Estherville 
(T=taenite). 
Figure 25.  TEM bright field image of cloudy zone, 
structure within the bcc phase. 
Note the fine 
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Figure 26, TEM bright field image of cloudy zone showing the 
fine structure within the bcc phase. 
Figure 27. TEM bright field of the cloudy zone.  The lath-like 
fine structure of the bcc phase is clearly evident. 
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Figure 28.  [100] zone axis diffraction pattern from clear 
taenite.  Note the superlattice spots indicating 
the presence of four variants of ordered taenite, 
Figure 29.  [100] zone axis diffraction pattern from clear 
taenite.  Note the superlattice spots indicating the 
presence of two variants of ordered taenite. 
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Figure 30.  [100] zone axis diffraction pattern from clear 
taenite.  Note the superlattice spots indicating 
the presence of two variants of ordered taenite. 
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Figure 31.  a) [100] zone axis microdiffraction pattern from 
clear taenite. Note the superlattice psots indicating 
that two variants of ordered taenite are present. 
b) Indexed [100] pattern with all superlattice spots. 
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Figure 32.   a) [122] clear taenite zone axis pattern, 
b) Indexed pattern. 
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(a) 
(b) 
Figure 33.  Bright field (a) and centered dark field (b) from 
ordered spot in diffraction pattern shown in 33c. 
Note small particles of ordered taenite in 33b. 
33d shows the indexed diffraction pattern. 
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Figure  33d. [100] clear taenite zone axis pattern.  Note three 
variants of ordered taenite. 
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Figure 34.  Microdiffraction pattern from a single y  crystallite 
in the cloudy zone.  The pattern is a [100] zone 
axis with [001] superlattice spots. 
Figure 35.  Microdiffraction pattern from a single y  crystallite 
in the cloudy zone.  [100] zone axis with [001] 
superlattice spots. 
105 
(a) 
(b) 
Figure 36.  Bright field (a) centered dark field from y  spot (b) 
and centered dark field from superlattice spot (c) 
from diffraction pattern (d) of cloudy zone.  Note 
particulate nature of both y  and ordered y  in the 
cloudy zone. 
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Figure 37.  Bright field (a) centered dark field from y  spot 
(b) and centered dark field from superlattice spot 
(c) from diffraction pattern (d) of the cloudy zone. 
Note particulate nature of both y  and ordered y. 
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(a) 
(b) 
Figure 38.  Microdiffraction patterns from two adjacent y 
crystallites in the cloudy zone.  [100] zone 
axis patterns.  Note the superlattice spots. 
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(a) 
(b) 
Figure 39. a) Microdiffraction pattern from clear y  adjacent 
to the cloudy zone,  b) Microdiffraction pattern 
from y crystallite within the cloudy zone. [100] 
zone axis pattern. 
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Figure 40.  a) Selected area diffraction pattern of the cloudy 
zone.  b) Indexed pattern showing Nishyama-Wassterman 
orientation. 
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Figure 41.  Light photomicrograph of Arltunga.  2% Nitnl etch. 
Figure 42.  SEM photomicrograph of Arltunga.  Note Widmanstatten 
a grains with taenite rims.  2% Nital etch. 
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Figure 43, SEM photomicrograph of Arltunga.  Note Internal 
structure of the taenite rims.  2% Nital etch. 
/ 
Figure 44, SEM photomicrograph of Arltunga.  Internal structure 
within the taenite is very evident.  2X Nital etch. 
114 
Figure 45.  Light photomicrograph of Nordheim.  Large Widman- 
statten a platelets can be seen in center of 
picture. 27.  Nital etch. 
Figure 46.  SEM photomicrograph of Nordheim,  Ribbon-like taenite 
rims are clearly seen surrounding the kamacite. 
2%  Nital etch. 
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SEM photomicrograph of Nordheim.  Multigranular 
kamacite is seen to be surrounded by taenite. 
2Z  Nital etch. 
SEM photomicrograph of Nordheim.  No internal structure 
is seen within the taenite.  2% Nital etch, 
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Figure 49.  Light photomicrograph of Guffey showing Widmanstatten 
a ■*■  a+Y type plecsite.  2% Nital. 
Figure 50.  SEM photomicrograph of Guffey.  Note multigranular 
kamacite structure with taenite rims.  2% Nital etch. 
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Figure 51.  SEM photomicrograph of Guffey. 
taenite can be seen.  2% Nital 
Fine structure within 
Figure 52.  SFJ-I photomicrograph of Guffey,  Fine structure within 
taenite is clearly seen. 2Z  Nital. 
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Figure 53.  Light photomicrograph of Tawallah Valley.  Widmanstatten 
a platelets are shown in a matrix of fine plessite. 
27.  Nital etch. 
Figure 54, SEM photomicrograph of Tawallah Valley, Fine plessite 
from decomposed martensite is present between a plate- 
lets, 2Z  Nital etch. 
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Figure 55.  SEM photomicrograph of Tawallah Valley.  Fine 
plessite structure is evident. 27.  Nital etch, 
Figure 56.  SEM photomicrograph of Tawallah Valley.  Left side 
of picture shows the part of the y  rim surrounding 
an a platelet.  Note the various size y  rods in the 
plessite. 21  Nital. 
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Figure 57.  Light photomicrograph of Hoba.  A kamacite platelet 
surrounded by its taenite rim is shown in the matrix 
of plessite. 27.  Nital etch. 
Figure 58.  SEM photomicrograph of fine plessite structure in 
Hoba. 2%  Nital etch. 
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Figure 59, SEM photomicrograph of fine plessite in Hoba. 
Martensite decomposition is evident with y 
rims around duplex structure.  2% Nital etch. 
Figure 60. SEM photomicrograph of fine plessite near a platelet 
in Hoba.  Note the different sizes of y  rods which are 
present.  2% Nital etch. 
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Figure 61 
Figure 62, 
SEM photomicrograph of Weaver Nts. showing Widman- 
statten platelets in the fine decomposed martensite 
matrix.  2% Nital. 
SEM photomicrograph of plessite region near kamacite 
platelet in Weaver Mts.  Note fine y  rods in a  matrix, 
27,  Nital. 
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Figure 63.  SEM photomicrograph showing plessite near a platelet! 
in Weaver Mts.  Note variety of sizes of y  rods in a 
matrix. 22,  Nital. 
Figure 64.     SEM photomicrograph of Chinga.  Plessite had formed 
from martensite decomposing to a+y.  2% Nital etch. 
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Figure 65.  Higher magnification SEM photomicrograph of Chinga, 
Decomposed martensite structure is easily seen. 
27.  Nital etch. 
Figure 66. SEM micrograph of one of the few a platelets in Chinga 
and the adjacent plessite.  2% Nital etch. 
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Figure 67, Higher magnification SEM micrograph of plessite 
near a platelet.  Variety of y  rod sizes is easily 
seen.  27, Nital etch. 
Figure 68. SEM micrograph of plessite in Cape of Good Hope, 
2% Nital etch. 
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Figure 69.  SEM photomicrograph of plessite in Cape of Good Hope, 
Note fine y rods in a matrix. 27.   Nital etch. 
Figure 70.  SEM photomicrograph of one of the fev a  platelets in 
Cape of Good Hope. 2'L  Nital etch. 
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Fipure 71.  Higher magnification SEM photomicrograph of 
plessite near a platelet.  Note the fine y 
rods near the taenite rim. 
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it *0 .2 Mm.) 
Figure 72.  TEM bright field image of Tawallah Valley.  The 
montage shows Widmanstatten kamacite (K) with its 
rim of clear taenite (C.T.).  Martensite (M) and 
plessite which formed from martensite decomposition 
are also shown. 
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Figure 73. TEM bright field image of plessite structure in 
Tawallah Valley.  Note rim of clear taenite outlining 
prior martensite plate. 
Figure 74 Detail of Figure 73.  TEM bright field image clearly 
shows various size taenite rods in a matrix. 
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Figure 75.  TEM bright field image of another plessite region in 
Tawallah.  Note various size y rods. 
Figure 76.  TEM bright field image of another plessite region in 
Tawallah Valley. 
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Figure 77.  TEM bright field image of plessite adjacent to 
martensite in Tawallah Valley.  Note the very 
fine y rods. 
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Figure 78. a) Selected area diffraction pattern (S.A.D.P.) from 
a/y interface. b) Indexed pattern showing Nishyama- 
Vasserman orientation relationship. 
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Figure 79.  a) S.A.D.P. from large y  rods and a  matrix in plessite 
of Tallavah Valley,  b) Indexed pattern shoving 
Nishyaraa-Wasserman orientation relationship. 
134 
Figure 80. 
0.2 Mm 
TEM bright field of plessite from which above dif- 
fraction pattern was obtained. 
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Figure  81. 
spot. 
136 
Figure 82.  Plessite structure in Hoba meteorite.  TEM bright field, 
Figure 83.  TEM bright field of very fine y rods in plessite of 
Hoba.  Note rim of taenite (T). 
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Figure 84.  TEM bright field of decomposed martensite region 
in Hoba. 
Figure 85.  TEM bright field of y  rods in Hoba plessite. 
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Figure 86.  TEM bright field of Arltunga, 
with internal tnartensite. 
Note ribbon of taenite 
0-2M*n 
Figure 87.  Detail of Figure 86.  Note lath-like martensite 
structure (bright field). 
139 
Figure 88. 
Figure 89, 
TEM bright field of Arltunga. The ribbon of taenite 
and kamacite grains are shown. Martensite structure 
is seen within the taenite. 
TEM bright field of Arltunga, 
kamacite grains is shown. 
A taenite ribbon between 
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Figure 90.  Lath-like nature of martensite is evident in this 
TEM bright field of taenite in Arltunga. 
Figure 91.  Lath-like nature of martensite is again evident in 
this TEM bright field from Arltunga. 
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Figure 92.  TEM bright field of taenite between 2a grains in 
Nordheim.  Note martens!te (M) in center of taenite. 
Figure 93.  Two ribbons of taenite in highly dislocated kamacite 
are seen in this bright field of Nordheim. 
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rr . 
Figure 94.  Taenite between two kamacite grains.  The taenite 
has almost completely transformed to martensite. 
Figure 95.  Martensite can be seen in interior of taenite between 
kamacite grains. 
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Figure 96.  Larp,e taenite ribbon almost entirely transformed 
to martensite in Nordheim. 
Figure 97.  Selected area diffraction pattern from Arltunga 
shov»'ing a, y,   and a 2 spots. 
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(a) 
Figure 98.  Bright field (a) and centered dark field (C.D.F.) from 
spots in Figure 97.  a) bright field.  b) C.D.F! from 
Y spot in Figure 97.  c) C.D.F. from a2 spot in 
Figure 97.  d) C.D.F. from a spot in Figure 97. 
145 
(c) 
(d) 
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Figure 99.  STEM composition profile taken across a Widmanstatten 
a/clear taenite/martensite region in Tawallah Valley. 
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Figure 100.  STEM composition profile taken across a Widmanstatten 
a/clear taenite/raartensite region in Tavallah Valley. 
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Figure  101.     Composition profile obtained  from a STEM trace 
across an ot/y rim/a  region  in the plessite of 
Tawallah Valley. 
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Figure 102. STEM composition profile of a taenite rim between 
two duplex plessite regions.  The left plessite region 
contained large y  rods while the right region had five 
y  rods. 
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Figure 103.  STEM composition profile of a taenite rim in 
Hoba between a plessite region containing large 
Y rods (left side) and one with fine rods 
(right side). 
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Figure 104.  STEM composition profile of a taenite rim in Hoba 
between 2 plessite regions containing large y  rods, 
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Figure  105. STEM composition profile of a Y rim in 
Arltunga.  Note "M" shaped composition 
profile.  Low Ni content in center is 
characteristic of martensite (M). 
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Figure 106.  STEM composition profile of a y  rim in 
Arltunga. 
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Figure  107.     STEM composition  profile of  a  y  rin  in 
Arltunga. 
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Figure   108.     STEM composition  profile  of a y   rim  in 
Nordheim.     Note   "M"  shape. 
156 
•JM 
■* r1 —    —T 1 T"              ' T           ■■    T-     -" ■ — 
^       , 
40 
1 ^ 
i 
UJ 1, 
1/ 
■ 6 
; 
h 
1 
1 
1 ^ 
-                                            1 .                               J                     - 
DISTANCE (Mm) 
Figure  109.     STEM composition profile of  a  Y  rim  in 
Nordheim. 
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Figure 110.  a) Two phases in a TEM foil with the interface 
parallel to the electron beam.  Phase B is higher 
in concentration of element D than is phase A. 
b) Actual composition profile,  c) STEM composition 
profile of foil in 110a.  Step size was chosen so that 
the bean fell on the interface.  d) STEM composition 
profile with larger step size. 
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Figure  111. a) Tvo phases In a TEM foil whose interface is not 
parallel to the electron beam,  b) STEM composition 
taken across the foil in a. 
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Figure 112,  a) Fe-Ni phase diagram from Albertsen, et al. 
b) Fe-Ni phase diagram from this investigation 
(28) 
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oxide variants as shown in Figure 113b, 
b) Indexed diffraction pattern. 
162 
REFERENCES 
Goldstein, J. I. and Short, J. M. (1967) "The Iron Meteorites, 
Their Thermal History and Parent Bodies," Geochim. Cosmochim. 
Acta, _31, 1733-1770. 
Lin. L. S., Goldstein, J. I. and Williams, D. B. (1977) 
"Analytical Electron Microscopy Study of the Plessite Structure 
in the Carlton Iron Meteorite," Geochim. Cosmochim. Acta, 41, 
1861-1874. 
Lin, L. S., Goldstein, J. I. and Williams, D. B. (1979) 
"Analytical Electron Microscopy Study of the Plessite Structure 
in Four IIICD Iron Meteorites," Geochim. Cosmochim. Acta, 
_43, 725-737. 
Buchwald, V. F. (1975) Handbook of Iron Meteorites, Their 
History, Distribution, Composition and Structure, Vol. 1, 
Univ. California Press. 
Scott, E. R. D. (1973)"The Nature of Dark Etching Rims in 
Meteoritic Taenite," Geochim. Cosmochim. Acta, _37, 2283-2294. 
Mehta, S., Novotny, P. M., Williams, D. B. and Goldstein, J. I. 
(1980) "Electron Optical Observations of Ordered FeNI in the 
Estherville Meteorite," Nature, 284, 151-153. 
Scott, E. R. D. and Wasson, J. T. (1975) "Classification and 
Properties of Iron Meteorites," Rev. Geophys. Space Phys., 13, 
527-546. 
163 
8. Wasson, J. T. (1974) Meteorites:  Classification and Properties 
Minerals and Rocks, Vol. 10, Springer-Verlag. 
9. Romig, A. D. (1979) Ph.D. Dissertation, Lehigh University. 
10. Kaufman, L. and Cohen, M. (1956) "The Martensiti- Transformation 
in the Iron-Nickel System," Trans. AIME, _2_P_6, 1393-1401. 
11. Massalski, T. B., Park, F. R. and Vassamillet, L. F. (1966) 
"Speculations About Plessite," Geochim. Cosmochim. Acta, 3_0_, 
649-662. 
12. Darken, L. S. (1942) "Diffusion in Metal Accompanied by Phase 
Chance," Trans. TMS AIME, JL5J1, 157-171. 
13. Kirkaldy, J. S. (1958) "Diffusion in Multicomponent Metallic 
Systems III. The Motion of Planar Phase Interfaces," Can.J. 
Phys. 3A, 917-925. 
14. Jago, R. A. (1979)"Santa Catharinn and the Origin of Cloudy 
Taenite in Meteorites," Nature, 222, 413-415.      ? 
15. Williams, D. B., private communication (unpublished research). 
16. Peterson, J. F. , Aydin, M. and Knudsen, J. M. (1977) "Mossbauer 
Spectoscopy of an Ordered Phase (Superstructure) of FeNi in an 
Iron Meteorite," Phys. Letters, 62A, 142-194. 
17. Albertsen, J. F. , Aydin, M. and Knudsen, J. M. (1978) "Mossbauer 
Effect Studies of Taenite Lamellae of an Iron Meteorite Cape 
York (I1IA)," Phys. Scripta, jj, 467-472. 
18. Albertsen, J. F., Jensen, C. B. and Knudsen, J. M. (1978) "Struc- 
ture of Taenite in Two Iron Meteorites," Nature. 273. 453-454, 
164 
19. Danon, J., Scorzelli , R., Souza Azevedo, I, Curvella, V. , 
Albertsen, J. F. and Knudscn, J. M. (1979) "Iron-Nickel 
50-50 Superstructure in the Santa Catharina Meteorite," 
Nature, 2_7_Z> 283-384. 
20. Pauleve, J., Dautreppe, D. , Laup,ier, J. and Neel, L. (1962) 
"Une Nouvelle Transition Ordre-Desordre Dans Fe-Ni (50-50)," 
J. De Phys.,_23, 841-843. (in French) 
21. Gros, Y. and Pauleve, J. (1970) "Etude Par Effet Mossbauer 
De L'Ordre Dans un Alliace Fe-Ni 50-50 Irradie Par Des Neutrons 
ou Des Electrons," J. De Phys., _31, 459-470.  (in French) 
22. Scott, E. R. D. and Clarke, R. S. (1979) Identification of 
Clear Taenite in Meteorites as Ordered Fe-Ni," Nature, 281, 
360-362. 
23. Cullity, B. D. (1979) Elements of X-ray Diffraction, 2nd ed., 
Addison-Wesley. 
24. Clarke, R. S. and Scott, E. R. D. (1980) "Tetrataenite-Ordered 
Fe-Ni, a New Mineral in Meteorites," Ainer. Min., j£L5_, 624-630. 
25. Albertsen, J. F., Knudsen, J. M. , Roy-Paulsen, N. 0. and 
Vistisea, L. (1980) "Meteorites and Thermodynamic Equilibrium 
in f.c.c. Iron-Nickel Alloys (25-30% Ni),"Physica Scripta, 
2_2. 171-175. 
26. J. Danon (1980) Private Communication to R. S. Clarke, D. B. 
Williams and J, I. Goldstein. 
165 
27. Scott, E. R. D. and Clarke, R. S. (1980) "Ordering of FeNi 
in Clear Taenite from Meteorites," Nature, 287. 255. 
28. /\lbertsen, J. F., Knudsen, J. M., Roy-Paulsen, N. 0. and 
Vistisea, L. (1980) "Meteorites and Thermodynamic Equilibrium 
in f.c.c. Iron-Nickel Alloys (25-50?: Ni)," Physica. Scripta, 
22, 171-175. 
29. Powell, B. N. (1969) "Petrology and Chemistry of Mesosiderites 
I. Textures and Composition of Nickel-Iron," Geochim. Cosmochim. 
Acta.JLi, 789-910. 
30. Baker, C. , Griffins, A. and Donnelly, T. H. (196-!.) "Nickel- 
Rich Ataxite from Corawa, New South Wales," Geochim. Cosmo- 
chim. Acta, 18_ 1377-1388. 
31. Jago, R. A. (1979) Submitted to Geochim. Cosmochim. Acta. 
"Six Australian Iron Meteorites". 
32. Williams, D. B. (1980) "Application of Electron Optical 
Techniques to Problems in Metallurgical and Materials Engineering," 
J. of Metals, 22L>   16-24. 
33. Goldstein, J. I. and Williams, D. B. (1977) "X-ray Analysis 
in the TEM/STEM," SEM/1977, ed. 0. Johari, IITRI, Chicago, IL, 
651. 
34. Goldstein, J. 1. (1979)"Principles of Thin Film X-ray Micro- 
analysis," Introduction to Analytical Electron Microscopy, eds. 
J. J. Hren, J. I. Goldstein and D. C. Joy, Plenum Press, 
83-119. 
166 
35. Goldstein, J. I. and Yakowitz, H. (1975) Practical Scanning 
Electron Microscopy, Plenum Press. 
36. Cliff, G. and Lorimer, G. W. (1975) "The Quantitative Analysis 
of Thin Specimens," J. Microscopy, 1Q3. 203-207. 
37. Philibert, J. and Tixier, R. (1968) "Electron Penetration and 
the Atomic Number Correction in Electron Probe Microanalysis," 
Brit. J. Appl. Phys. (J. Phys. D.), Ser. 2, V. 1. 685-694. 
38. Michael, J. R. (1980) Private communication. 
39. Fricker, P. E., Goldstein, J. 1. and Summers, A. L. (1970) 
"Cooling Rates and Thermal Histories of Iron and Stony-Iron 
Meteorites," Geochim. Cosmochim. Acta., 3A, 475-491. 
40. Scott, E. R. D. (1979) "Origin of Iron Meteorites" in 
Asteroids, eds. T. Gehrels and M. S. Matthews, Univ. of 
Arizona Press, 892-895. 
41. Goldstein, J. I. and Short, J. M. (1967) "The Iron Meteorites, 
Their Thermal History and Parent Bodies," Geochim. Cosmochim. 
Acta, 21,   1733-1770. 
42. Short, J. M. and Goldstein, J. I. (1967) "Rapid Methods of 
Determining Cooling Rates of Iron and Stony Iron Meteorites," 
Science, 156. 59-61. 
43. Owen, E. A. and Liu, Y. H. (1949) "Further X-ray Study of the 
Equilibrium Diagram of the Iron-Nickel," JISI, 162, 132- 
44. Goldstein, J.I. and Ogilvie, R. E. (1965) "A Re-evaluation of 
the Iron Rich Portion of the Fe-Ni System," Trans. TMS-AIME, 
167 
233. 2083. 
45. Goldstein, J. I. and Doan, A. S. (1972) "The Effect of 
Phosphorus on the Formation of the Vidmanstatten Pattern 
in Iron Meteorites," Geochim. Cosmochim. Acta, _36_, 51-69. 
46. Allen, S. M. and Cahn, J. W. (1979) "A Microscopic Theory 
for Antiphase Boundary Motion and its Application to Anti- 
phase Domain Coarsening," Acta Met.. 27. 1085-1095. 
47. Edington, J. W. (1976) Practical Electron Microscopy in 
Materials Science, Van Nostrand Reinhold. 
48. Chen, S. H. and Morris, J. U'. (1976) "Electron Microscopy 
Study of the Passivatinp, Layer on Iron-Nickel Martensite," 
Met. Trans A, 8A. 19-26. 
49. Speich, G. R. and Swann, P. R. (1965) "Yield Strength and 
Transformation Substructure of Quenched Iron-Nickel Alloys," 
JISI, 203. 480-485. 
168 
APPENDIX 
Calculation of the allowed reflections for the Ll  primitive 
o 
tetragonal structure of ordered FcNi. 
The Ll  unit cell contains 2 Fe atoms and 2 Ni atoms at the 
o 
following positions: 
2 Fe atoms:  000, 1/2 1/2 0 
2 Ni atoms:  1/2 0 1/2, 0 1/2 1/2 
The structure factor, F, is calculated from the following 
formula : 
F-  Z   fAC2iri(hu  + kv+  £w) (1) 
where f .  = atomic scattering factor for element A A 
hk£ = indices of the plane of interest 
uvw = fractional coordinates of atoms comprising the unit 
cell 
For the Fe-Ni ordered taenite the structure factor is: 
F  «   f        [e2ni(o-h +  o.k + o-£)   +  e2TTi(| + | + f) 
Fe 
+  fN1   [e2ni^+o.kff)  +  e2,i(o.h + |+|)] 
which reduces to 
F  -   f        [14- e*i(h + k)]+  f        [e"Hh +°   + enl(k +£)]      (3) 
re Ni J 
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Inserting indices of planes into the previous equation 
enables one to calculate the allowed reflections for the LI 
o 
structure.  If the structure factor for a plane is found to 
be equal to zero that reflection is not allowed. 
For example, the following shows some planes and their 
structure factors: 
Plane 
(100) 0 
(010) 0 
<°01) 2fFe-2fNi 
(U0) 2fFe-2fNi 
(101) 0 
(011) 0 
Only the (001) and (110) planes will have allowed reflections. 
The structure factors for all the planes of the FeNi LI  structure 1 o 
can be summarized as follows: 
F = 2f„ + 2f   for unmixed indices (all even or all odd) 
F = 2f  - 2f   for h, k even and t     odd, and h, k odd 
Z     even 
F = 0 for all other indices 
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